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ABSTRACT 
 The ovary is responsible for production of steroid hormones and gametes in the 
female. It is endowed with a finite pool of primordial follicles, established in utero, that 
serve as the source of oocytes during a female’s reproductive lifespan. Alterations to 
ovarian function and signaling can result in disruptions to steroid hormone production, 
follicle activation, and oocyte quality. The degree of disruption is dependent on the 
developmental or estrous cycle stage of the animal as well as the duration of the 
perturbation. Inflammation can have deleterious effects on ovarian signaling and 
function, and can arise from multiple sources, such as endotoxemia, or increased levels of 
lipopolysaccharide (LPS) in blood. One major source of LPS is the intestine, where 
stresses such as hypoxia due to heat stress, high fat diets, or obesity can induce increased 
intestinal permeability and allow passage of LPS from the intestinal lumen into 
circulation. LPS signaling via its receptor, toll-like receptor 4 (TLR4), may induce 
inflammation in the ovary, potentially compromising oocyte and follicular quality, 
resulting in reduced fertility. This thesis investigated the central hypothesis that increases 
in circulating LPS would alter ovarian signaling and function as evidenced by activation 
of the TLR4, phosphatidylinositol 3 kinase (PI3K), and steroidogenic pathways. To test 
this hypothesis, we utilized three animal model-LPS exposure schemes in pigs: post-
pubertal chronic LPS infusion, post-pubertal heat stress (HS), and pre-pubertal high fat 
diet (HFD). We analyzed ovarian protein and mRNA abundance via western blotting and 
qRT-PCR, as well as quantification of 17β-estradiol, progesterone, and LPS binding 
 xii  
protein concentrations via ELISAs. Overall, our findings demonstrate that the ovary is 
responsive to LPS as demonstrated by increased ovarian TLR4 in an LPS infusion but not 
HFD model. We also discovered alterations to the PI3K and steroidogenic pathways in 
our HFD model not seen with the other exposure paradigms, indicating a potential effect 
of developmental age or an alternate effector mechanism in these pigs. Taken together, 
these data demonstrate the alterations in ovarian function due to different exposures to 
LPS in isolation or combination with other physiological changes. This understanding is 
vital to the development of amelioration strategies to reduce infertility.  
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CHAPTER 1: GENERAL INTRODUCTION 
This review chapter introduces basic ovarian and reproductive physiology and then 
expands to describe situations that can alter proper female reproduction.  
 
Ovarian Structure and Function 
The female reproductive tract consists of the ovaries, uterus, vagina, and vulva, 
and the primary role is the production of healthy offspring through oogenesis, 
gametogenesis, steroidogenesis, ovulation, maintenance of pregnancy, and growth of the 
developing offspring. The ovary is an essential female reproductive organ, and produces 
the female gamete (oocyte) and the sex steroid hormones, 17β-estradiol (E2) and 
progesterone (P4).  
The development of the follicular pool in females occurs in utero via both mitosis 
and meiosis [1–3]. Primordial germ cells migrate from the yolk sac to colonize the 
indifferent gonad and germ cells first undergo mitosis to multiply in number; in mice the 
number of primordial germ cells increases from approximately 25,000 to 85,000 in four 
days (gestational day 14.5 to 18.5) [3,4]. Germ cells become oocytes when they enter 
meiosis during gestation [1], which in humans ranges from 2 to 7 months of gestation 
[5,6].  Of the four meiotic phases (prophase, metaphase, anaphase, and telophase), 
oocytes undergo a portion of prophase in utero and then remain meiotically-arrested in 
prophase I until shortly before ovulation [7].   
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Figure 1.1. Development and growth of follicles in the ovary   
The ovary contains a pool of primordial follicles (1), which can be activated to grow into 
primary follicles (2). They continue to grow until they have at least two layers of 
granulosa cells (orange) and theca cells (purple), at which point they are considered 
secondary follicles (3) Next, a fluid-filled antrum begins to form and the follicle is in the 
tertiary stage (4) After the LH surge, the cumulus-oocyte complex (6) is released, and the 
remaining granulosa and theca cells (7) begin the process of luteinization (8) and are 
remodeled to form the corpus luteum (9). Most of the follicles never reach ovulation and 
undergo follicular atresia (5).  
 
Folliculogenesis 
Females are endowed with a finite pool of quiescent primordial follicles arrested 
in prophase I of meiosis at birth [1]. This pool comprises the ovarian reserve that is the 
source of all oocytes for the lifespan of a female. In humans there are estimated to be 
approximately 1.5 million oocytes in this reserve at birth, declining to an estimated 
300,000 at pubertal onset [8]. The depletion of this reserve is associated with menopause 
in women, at which time there are an estimated 100 follicles remaining in the ovary [8].  
v	v	v	
v	
v	
v	v	
v	
1. 2. 
3. 
4. 
5. 
6. 
7. 8. 
9. 
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A primordial follicle is composed of a single meiotically-arrested oocyte 
surrounded by flattened granulosa cells inside a basement membrane [9]. After follicular 
activation, the granulosa cells increase in number and become cuboidal in shape, the zona 
pellucida of the oocyte forms, and the structure is referred to as a primary follicle [10]. 
Subsequent follicular maturation to the secondary follicle stage occurs when the 
granulosa cell layer doubles.  The stroma surrounding the follicle differentiates into theca 
cells that are responsive to luteinizing hormone (LH) [11] and possess steroidogenic 
enzymes [10]. The follicle further develops into an antral follicle, which is characterized 
by the presence of a fluid-filled space known as the antrum, multiple layers of granulosa 
cells, and differentiated theca cells outside the basement membrane [10]. Granulosa cells 
of larger follicles develop follicle stimulating hormone (FSH) receptors, on which their 
maintenance and survival is dependent [1].   
As the follicles grow, they develop arterioles for a blood supply that grow with 
them [12], giving the granulosa and theca cells access to necessary hormones. Follicular 
selection is reliant on sufficient FSH to support growth during the last few generations of 
granulosa cell division, which occurs just before or during the antral stage, depending on 
the species [13]. FSH additionally induces granulosa cells of larger follicles to develop 
receptors for LH [14], allowing these cells to become responsive to both gonadotropins. 
Deprivation of FSH to granulosa cells causes irreversible condensation of the nucleus and 
a decrease in E2 production within hours [15,16]. The lack of FSH also rapidly decreases 
the abundance of FSH receptors and renders follicles incapable of ovulation [15,17]. 
Growing follicles are dependent on sufficient levels of E2 to continue growth and 
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differentiation of the granulosa cells as demonstrated in hypophysectomized mice given 
exogenous E2 [18].  
 
Activation of Primordial Follicles 
Though many primordial follicles are activated to grow, few make it to the antral 
stage, instead undergoing atresia, for once activated, the follicles are unable to remain 
activated and growing indefinitely or to regress and rejoin the follicular reserve [1,13]. 
The phosphatidylinositol 3-kinase (PI3K) pathway is known to play a role in the 
inhibition of follicular activation via Foxo3 [19–21]. This pathway is described in more 
detail later in this thesis. Anti-Müllerian hormone (AMH) is also involved in inhibition of 
primordial follicle activation [22] and female mice who were deficient in AMH exhibited 
increased follicular activation [23]. Human ovarian biopsies cultured in vitro with AMH 
had a greater number of primordial follicles than those in control media [24]. Other 
factors produced in the ovary, such as leukemia inhibitory factor [25], keratinocyte 
growth factor [26], kit ligand [27], and fibroblast growth factor-2 [28], are implicated in 
the regulation of primordial follicle activation.  E2 and P4 may also be involved in 
inhibiting the transition from primordial to primary follicle in neonates [29].  
The mechanisms governing follicular atresia are not fully elucidated, however, 
deficiencies of the follicular components as well as specific timing of gonadotropins are 
postulated as potential causes [13]. In atresia, a hormone-controlled apoptosis, the 
chromatin condenses, followed by disruption of the nuclear membrane and DNA 
fragmentation [30]. The fragmentation occurs via a calcium/magnesium-dependent 
endonuclease and has a “ladder” pattern of varying sizes of DNA in multiples of 185-200 
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base pairs which is considered a classical marker of apoptosis [30]. Development of an 
antrum is considered a developmental “bottle neck” as it requires sufficient FSH and 
follicles that do not receive enough FSH undergo atresia [1]. The calcium/magnesium 
endonuclease as well as DNA fragmentation have been detected in granulosa cells [31–
33]. Additionally, the B-cell lymphoma 2 gene family codes for various pro- and anti-
apoptotic proteins that dimerize with each other [34]. The degree of homo- and hetero-
dimerization of pro- and anti-apoptotic proteins can help determine cell fate [34,35]. 
Factors that inhibit apoptosis are specific to stage of follicular development; for example, 
FSH can prevent atresia in antral but not preantral follicles [30].  
Oocytes and granulosa cells can also undergo autophagy, a process the cell 
undertakes to degrade damaged and dysfunctional organelles in an attempt to prevent 
apoptosis [36]. Ovarian autophagy has been observed in mice exposed to cigarette smoke 
[37] and phosphoramide mustard [38]. Heat stress has also been shown to induce ovarian 
autophagy in pigs, as evidenced by increases in both anti-apoptotic signaling and markers 
of autophagy (Hale et al., under review).  
 
The Estrous Cycle 
The estrous cycle describes the hormonal changes in a female that enable fertility. 
The four stages of the estrous cycle are proestrus, estrus, metestrus, and diestrus, 
collectively lasting 21 days in pigs. During proestrus, P4 levels are declining, while E2 
levels are rising. The dominant follicles of the ovary are in the antral stage and are 
becoming ready for ovulation. E2 levels peak during estrus, the time of the cycle when 
the female displays sexual receptivity towards the male. In pigs, this receptivity is 
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displayed by the female accepting back pressure and locking her legs, in addition to a 
reddened and swollen vulva with possible discharge. Estrus can last between 24-96 hours 
in pigs, and ovulation occurs approximately two-thirds of the way through [39]. 
Ovulation is caused by a spike in LH that induces follicular rupture [40]. After ovulation, 
the animal is in metestrus, where E2 levels decline as P4 levels rise during formation of 
the corpus luteum (CL) from the granulosa and theca cells at the site of ovulation. The 
final stage of the cycle, diestrus, is characterized by high P4 and low E2 as the CL is fully 
functional. If the animal does not become pregnant, prostaglandin F2α (PGF2α) is 
produced by the uterus and released into the bloodstream, causing the CL to regress, 
allowing the cycle to begin again. However, if the animal is pregnant, maternal 
recognition of pregnancy occurs, and though PGF2α is still produced, it is released into 
the uterine lumen [41–44], allowing the continuation of the CL. In pigs, the CL is 
necessary for the duration of gestation as the placenta does not produce sufficient P4 to 
maintain pregnancy [45]. The maternal recognition of pregnancy signal in pigs requires 2 
conceptuses per uterine horn in addition to sufficient estrogen production by the 
conceptuses [46]. This estrogen induces the uterine endometrium to release growth 
factors such as insulin-like growth factor-1 and keratinocyte growth factor to stimulate 
both the uterus and conceptus [47].  
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Figure 1.2. The two-cell theory of steroidogenesis.  
Granulosa and theca cells are both required for production of E2. The pathway begins 
with cholesterol taken into the inner mitochondrial membrane by STAR, where it is 
converted to pregnenolone. Next, the theca cell converts pregnenolone to 
dehydropiandrosterone and then to androstenedione. The androstenedione diffuses 
through the basement membrane into the granulosa cell, where it is converted to 
testosterone and then to 17β-estradiol.  
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Steroidogenesis 
Steroid hormones are synthesized in the ovary from cholesterol, which is either 
derived from the blood stream or synthesized de novo in the ovary [48]. E2 is associated 
with the follicular phase since it is synthesized through the cooperation of granulosa and 
theca cells in the follicle. Since neither cell type produces all of the enzymes necessary 
for E2 synthesis, both cell types must be present for this to occur [49]. The enzymes 
involved in steroid biosynthesis are unidirectional and do not allow substrates to be 
converted back to their parent material [50]. Both cells are stimulated by gonadotropins; 
granulosa cells respond to FSH and LH [14,51] and theca cells respond to LH [52]. Both 
cell types can execute the first part of the steroidogenic pathway, beginning with the 
transport of cholesterol into the inner mitochondrial matrix by steroid acute regulatory 
protein (STAR), the rate limiting step of the process [53]. Within the inner mitochondrial 
matrix, the cholesterol is converted into pregnenolone by cholesterol side chain cleavage 
enzyme (CYP11A1), then transported out of the mitochondria and into the cytoplasm of 
the cell. Pregnenolone is enzymatically converted by cytochrome P450 17A1 (CYP17A1) 
to dehydroepiandrosterone, which changes to androstenedione via 3 beta-hydroxysteroid 
dehydrogenase (3BHSD). Granulosa cells lack 3BHSD and are therefore unable to 
complete this step; the pregnenolone they produce diffuses through the basement 
membrane into theca cells for conversion to E2. Likewise, theca cells are unable to 
convert androstenedione; it diffuses through the basement membrane into granulosa cells 
where 17 beta-hydroxysteroid dehydrogenase (17BHSD) converts the androstenedione 
into testosterone. Finally, testosterone is acted upon by cytochrome P450 19A1 
(CYP19A1) enzyme, also known as aromatase, and converted into E2. After ovulation 
 9  
and luteinization of the theca and granulosa cells into small and large luteal cells, 
respectively, both cell types produce P4 [54]. Synthesis of P4 begins similarly to that of E2 
with the transport of cholesterol into the inner mitochondrial matrix via STAR. However, 
after conversion to pregnenolone, 3BHSD acts to convert to P4. The shift in steroid 
production is a result of a change in gene expression in the cells; the LH surge severely 
decreases expression of genes coding for CYP17A1 and CYP19A1 [55] and increases 
expression of 3BHSD [56]. Large luteal cells have been shown in vitro to produce more 
P4 than small luteal cells [57], though small luteal cells display a response to lower levels 
of LH than large luteal cells do [58]. This process is summarized in Figure 1.2.   
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Figure 1.3. The hypothalamic-pituitary-ovarian axis 
The hypothalamus produces GnRH which induces the pituitary to release the 
gonadotropins LH and FSH. LH and FSH induce the theca (TC) and granulosa cells 
(GC), respectively, to synthesize E2 or P4, depending on the stage of the ovarian cycle. 
Both hormones have negative feedback on the pituitary gland. P4 provides negative 
feedback to the hypothalamus, whereas E2 provides negative feedback to the tonic center 
at low concentrations and positive feedback to the surge center at higher levels.  
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Pituitary 
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E2 
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Hypothalamic-Pituitary-Gonadal Axis 
The hypothalamus and pituitary glands have important roles in the regulation of 
endocrine synthesis in the ovary via a system termed the hypothalamic-pituitary-ovarian 
(HPO) axis. Briefly, the hypothalamus secretes gonadotropin-releasing hormone (GnRH) 
which is transported to the anterior pituitary gland via the hypophyseal portal system. 
GnRH stimulates the gonadotroph cells in the anterior pituitary to produce and release the 
gonadotropins; FSH and LH. FSH and LH are transported to the ovary via the circulation, 
where they exert their actions on granulosa and theca cells, as well as influencing 
follicular growth and development, ovulation, luteinization, and formation of the CL.  
With the exception of immediately prior to ovulation, feedback of both E2 and P4 at the 
level of the hypothalamus negatively modulates the pulsatility of GnRH release [59,60]. 
Prior to ovulation, in response to high E2 production from the dominant follicle(s), this 
feedback changes to positive and induces the LH surge required to trigger ovulation [40].  
The differential effects of E2 on the hypothalamus are a result of multiple sites within the 
organ being responsive to E2. The inhibitory effect acts on the GnRH pulse generator, 
located in the arcuate nucleus, part of the mediobasal hypothalamus [61], whereas the 
stimulatory effect of E2 is acting on the preoptic area of the hypothalamus [62].  
The oocyte must be converted to a haploid cell, possessing one copy of each 
chromosome from the female, and interactions of the cumulus granulosa cells with the 
oocyte prevent meiotic maturation, however, the LH surge disrupts these connections and 
allows meiosis to proceed [63] and the oocyte completes the first round of meiosis.  At 
the same time, the LH surge causes the follicle to rupture [64], releasing the cumulus-
oocyte-complex into the infundibulum to travel down the uterine horn to the ampullar-
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isthmic junction, the site of fertilization [65]. Furthermore, LH initiates the process of 
luteinization in the remaining granulosa and theca cells of the ruptured follicle to form 
the CL [66].  
 
Heat Stress 
With rising global population, food demand is increasing. There is predicted to be 
a 37% increase in pork demand worldwide from 2010 – 2050 [67]. However, the Earth is 
warming, with the average global temperature predicated to increase by 0.3 to 0.7° C 
from 2016-2035 (relative to 1986-2005 temperatures) [68]. This increase is expected to 
negatively impact both crop and animal agriculture [69], which will compromise food 
security worldwide.  
Heat stress (HS) occurs when external humidity and temperature increase the internal 
body temperature of an animal beyond their thermal neutral zone, or the range of 
temperatures where regulation of body temperature occurs without regulatory alterations 
in evaporative heat loss or metabolic heat production [70].  
 Pigs are inherently susceptible to HS due to their keratinized sweat glands [71]. 
From breeding for desirable traits such as larger litter size and increased feed efficiency, 
pigs have become more disposed to HS, as these traits also increase metabolic heat 
produced by the animal [72]. Piglets reared in HS conditions have altered carcass 
composition, depositing more fat and less lean tissue than those raised in thermal neutral 
(TN) conditions [73–76]. Physiological adaptations pigs employ to deal with HS are 
diverting blood flow to the skin to dissipate additional heat [77] and decreasing feed 
intake, which is thought to reduce internal heat generation from digestion [78]. In rats, 
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redirection of blood results in hypoxia in the intestine [79] which compromises intestinal 
barrier function [77,80] and increases intestinal permeability to luminal bacteria (CITE) 
and bacterial components, such as lipopolysaccharide (LPS; discussed in greater detail 
below) [80,81]. Paradoxically, though there is a reduction in feed intake, serum insulin 
concentrations increase during HS and LPS is postulated to be an insulin secretagogue 
[82]. Hyperinsulinemia is associated with ovarian overstimulation [83] and has been 
shown in vitro ovarian cull culture to impact  steroid production  [84,85]. 
 
Impact of Heat Stress on Porcine Reproduction 
HS is associated with seasonal infertility (SI), a decline in porcine fertility seen in 
the summer months [86], which manifests phenotypically as smaller litters [87], longer 
wean-to-estrus interval [88], increased spontaneous abortions [87], and delayed puberty 
[89]. This is economically damaging to US producers, costing an estimated $450 million 
annually from poor sow performance alone [90]. Maternal exposure to HS for the first 
five days post-breeding greatly reduced embryo survival at 27 days of gestation 
compared to sows in HS at 20 days post-breeding or TN conditions [91]. Sows in HS for 
16 days post-breeding had increased E2 concentrations from day 10-12, which could 
impact maternal recognition of pregnancy [92]. Pre-pubertal gilts exposed to HS for 35 
days had increased ovarian abundance of STAR, CYP19A1, and LDLR compared to TN 
animals; indicating possible alterations in E2 synthesis [93]. These gilts also had 
increased abundance of ovarian IR and IRS1 mRNA as well as phosphorylated IRS1 
protein [93]. Post-pubertal gilts exposed to HS for 5 days during their follicular phase 
demonstrated an increase in ovarian phosphorylation of REL-associated protein, and 
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INSR, but no changes in STAR or CYP19A1 compared to their TN counterparts 
(Dickson et al., under review). Embryos exposed to HS in vitro from 21 to 33 hours post-
fertilization had higher rates of apoptosis and lower blastocyst rates at 5 and 7 days of 
development, respectively [94].  Thus, HS impacts ovarian function and embryonic 
development in swine.  
 
Obesity 
Obesity in adults is defined as having a body mass index ≥ 30 kg/m2 [95]. 36% of 
adults in the United States fall into this category [96]. The risk of developing various 
health conditions is increased with obesity, including coronary heart disease [97], 
hypertension [98,99], and type 2 diabetes [100]. Obesity is commonly accompanied by 
metabolic syndrome, which is a group of risk factors for cardiovascular disease and 
diabetes that occur together more frequently than by chance alone. These risk factors 
include increased blood pressure, increased resting blood glucose, increased blood 
triglycerides and decreased high-density lipoprotein cholesterol [101]. Increased levels of 
triglyceride stores are negatively correlated to insulin sensitivity [102].  Obesity and 
consumption of a high-fat diet are also associated with increased intestinal permeability 
and endotoxemia [103–105]. Furthermore, obesity and endotoxemia have both been 
linked to hyperinsulinemia [104,106,107]. There is some evidence that endotoxemia and 
the resulting inflammation can negatively impact insulin sensitivity; obese mice who 
were deficient in tumor necrosis factor alpha (TNFα) remained sensitive to insulin while 
the obese mice producing TNFα were insulin insensitive [108].  
Specifically, in terms of reproduction, obese women are more likely to experience 
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spontaneous abnormal menstruation [109], ovulation disorders [110], abortion in the first 
trimester of pregnancy [111,112], and general infertility. Our research group has 
demonstrated that progressive obesity in mice causes alterations to various steroidogenic 
enzymes at 6, 12, 18, and 24 weeks of age [113] and obese mice have reduced numbers 
of primordial and primary follicles at 12, 18, and 24 weeks old [113].  
  In men, obesity is also associated with fertility issues. A study of 1,558 Danish 
men showed an association between high BMI and the incidence of lower semen quality, 
decreased serum testosterone, and increased serum E2 [114].  Others have found similar 
alterations in hormone profiles as well as decreases in sperm concentration and increases 
in seminal reactive oxygen species [115].  
 
High Fat Diet 
Though high-fat diets are commonly fed to induce obesity in animal models, there 
is increasing evidence that feeding such diets in the absence of obesity can still cause 
alterations to the gut microbiome [116], intestinal permeability [116,117], and attainment 
of puberty [118]. Furthermore, what constitutes a “high-fat diet” varies between species 
and studies, ranging from 45-72% kcals from fat in mice [119–121] to 40% kcals from fat 
used in human and pig models [103,122]. The fatty acid composition of a pig carcass is 
reflective of the fatty acid profile of its feed [123,124], which represents an opportunity 
to increase beneficial polyunsaturated fatty acids in meat for consumption, such as n-3 
[125]. A modest increase in the fat percentage of a diet from zero to 6% can also increase 
the gain:feed ratio and average daily gain [126]. However, feeding fish oil, which is high 
in n-3 fatty acids, can cause “off flavors” in the meat of the animal and meat higher in n-3 
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content can oxidize more quickly, affecting meat quality [125]. These can be managed to 
an extent by feeding the diet for a short time or supplementing with vitamin E and 
antioxidants [125]. Feeding a diet with increased n-3 content in the form of fish oil has 
been shown to not increase intestinal permeability compared to oils with more saturated 
or n-6 fatty acids in the short term [117]. This may help attenuate the intestinal 
permeability observed in situations such as HS, though it is unclear what effects different 
fatty acids may have on the reproductive success of an animal.  
 
Lipopolysaccharide: Signaling Pathway and Reproductive Impact 
Lipopolysaccharide (LPS), which is also referred to throughout the literature as 
endotoxin, is located on the outer walls of most Gram-negative bacteria such as 
Escherichia coli. The structure of LPS is characterized by a hydrophobic lipid A moiety, 
that anchors it to the bacterial cell wall, which is itself attached to a number of 
glycerophospholipids. The lipid A structure of LPS is conserved across species of 
bacteria, and this moiety can be detected by endothelial cells and macrophages, among 
others, in animals via toll-like receptor 4 (TLR4), a membrane spanning protein [127–
129].  
Efficient detection of LPS by TLR4 requires that the LPS be bound to soluble 
LPS-binding protein (LBP) in the blood [130,131]. The LPS-LBP complex is first 
recognized by cluster of differentiation 14 (CD14), which binds the LPS and then 
mediates the transfer of LPS to TLR4 [132,133]. TLR4 works with myeloid 
differentiation factor 2 (MD-2), a small molecule, to recognize LPS [134]. After 
recognition, TLR4 recruits proteins including TIR domain-containing adaptor protein 
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(TIRAP), myeloid differentiation primary response gene 88 (MyD88), TIR domain-
containing adaptor inducing interferon beta (TRIF), and TRIF-related adaptor molecule 
(TRAM) via its Toll-interleukin-1 receptor (TIR) domain to cause downstream pathway 
activation. TIRAP and MyD88 mediate MyD88-dependent signaling whereas TRIF and 
TRAM mediate MyD88-independent signaling. Both pathways involve a common step, 
the phosphorylation of the REL-associated protein (RELA) subunit of nuclear factor 
kappa B (NFκB), however the MyD88-dependent pathway activates pro-inflammatory 
cytokine genes while the MyD88-independent signaling activates Type I interferon genes 
[135,136]. One such cytokine is TNFα, which plays a critical role in the inflammatory 
response. While factors from parasites and viruses are capable of stimulating TNFα 
production [137], LPS exposure elicits a particularly strong response [138]. Mice 
deficient in TNFα died when injected with LPS, though their counterparts given an 
injection of TNFα prior to the LPS survived [139], demonstrating the necessity of this 
cytokine for an effective immune response. However, elevation of TNFα levels for a 
prolonged period can cause metabolic issues such as cachexia, also known as wasting 
syndrome [137].  
Understanding the effects of LPS exposure on ovarian function is of interest in 
both humans and production livestock species since increased serum concentrations of 
LPS are associated with HS [80,81], obesity [105,121], high fat diet consumption 
[103,116,140], and infection [141]. Uterine infections have been associated with various 
negative impacts on female fertility, including cystic ovaries [142,143], abnormal or 
delayed folliculogenesis after parturition [144], longer postpartum anestrus period [143], 
and a longer luteal phase [145]. High levels of LPS in large follicles of dairy cows are 
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associated with decreased follicular E2 and increased follicular P4 as well as decreases in 
LHR, CYP17, and CYP11 [146]. Bovine granulosa cells cultured in vitro with LPS 
exhibited activation of the TLR4 pathway in both a time- and dose-dependent manner 
[147]. Bovine oocytes subjected to in vitro maturation with LPS were less likely to 
complete successful meiosis with intact meiotic structures [147], had increased levels of 
reactive oxygen species and apoptotic genes, and altered methylation patterns [148], all 
of which could impact developmental competence.  Administration of LPS (0.05 µg/kg 
BW) to goats during their luteal phase did not affect steroid hormone concentrations but 
did increase PGF2α metabolites [149], and repeated uterine infusions of LPS (3 µg/kg 
BW) in dairy cows every 6 h from 12 h prior to ovulation until 9 d post-ovulation 
resulted in CL regression much sooner than controls [150]. Culture of bovine luteal cells 
in vitro with TNFα increased PGF2α in a dose-dependent manner [151]. Additionally, 
porcine luteal tissue, when cultured in vitro with PGF2α, exhibits a feedback mechanism 
in which more PGF2α is produced [152]. Normally, the porcine CL acquires luteolytic 
capacity around Day 13 [153,154], but multiple administrations of PGF2α can induce 
luteolysis in the porcine CL at an earlier time [155]. Therefore, LPS may cause 
accelerated luteolysis via TNFα and PGF2α in pigs.  
 
The Phosphatidylinositol-3 Kinase (PI3K) Pathway 
PI3Ks modulate cellular functions by phosphorylation of the 3-OH group of 
inositol membrane lipids [156], thereby influencing many molecular components, one of 
the most often studied being protein kinase B (AKT) [156].  PI3K phosphorylates PI-3, 4-
P2 (PIP2) into PI-3P (PIP3), which in turn phosphorylates AKT [157], a kinase which 
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subsequently phosphorylates molecular targets, resulting in either activation or inhibition 
of downstream processes, depending on the specific component [158]. Phosphate and 
tensin homolog (PTEN) opposes the action of PI3K, and therefore AKT, via 
dephosphorylation of PIP3 back to PIP2 [157,159]. The PI3K/AKT pathway has roles in 
regulation of diverse cellular pathways, including metabolism, migration, angiogenesis, 
cell survival, growth, and proliferation [158]. The ligands that activate PI3K mirror these 
many downstream roles of the PI3K/AKT pathway and include granulosa cell-produced 
kit ligand which binds to cKIT [160,161], insulin to the insulin receptor [162], and LPS 
to TLR4 [163] all of which result in PI3K signal induction.  
 
Forkhead box O3 (FOXO3), a component of the PI3K pathway that is targeted by 
phosphorylated AKT (pAKT) that is inhibited by phosphorylation [19], conversely 
dephosphorylation of FOXO3 induces activation and this transcription factor regulates 
autophagy [164], oxidative stress [165], and ovarian follicular activation [19–21]. Mice 
with oocyte-specific deficiency of Foxo3 and Pten had widespread primordial follicle 
activation leading to premature ovarian failure [19], demonstrating necessity of FOXO3 
in modulating primordial follicle growth activation, and PTEN has been demonstrated to 
be involved in FOXO3 regulation [166]. A transgenic mouse model with constitutively 
active oocyte-specific Foxo3 had severe subfertility due to lack of follicular development 
compared to their wild type counterparts [21]. Additionally, mice deficient in Akt1 had 
negative impacts on oocyte viability [167]. These studies demonstrate the necessity of a 
balance between activation and inhibition of the PI3K pathway for proper fertility, 
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however, there are various stressors that alter the expression or phosphorylation of PI3K 
pathway components.  
 
Pre-pubertal gilts subjected to HS conditions had increased abundance of ovarian 
AKT1 and FOXO3 mRNA and pAKT abundance compared to thermal neutral controls 
[93].  Obesity has also been demonstrated to affect PI3K signaling and follicle number. A 
model of hyperphagia-induced obesity, the agouti lethal yellow mice, have increased 
levels of ovarian Akt1 and Akt2, decreased numbers of primordial and primary follicles, 
and increases in secondary and pre-ovulatory follicle populations [113,168,169], 
indicating dysregulated follicular activation and growth as obesity progresses. 
Furthermore, ovaries from mice fed a high-fat diet who had an obese phenotype had 
increased mRNA encoding Akt1 and Kitlg along with a decrease in Foxo3 and Irs1 [170]. 
PI3K pathway components are also specifically targeted both in vivo and in ex vivo ovary 
organ culture models by infertility-inducing chemicals [171] and hyperactivation of 
primordial follicle activation has been demonstrated as a mode of chemical toxicity 
[172]. Thus, these studies support the importance of the PI3K pathway in ovarian 
function as well as the potential for exogenous perturbations to this important pathway. 
 
  In summary, proper ovarian function is critical for successful reproduction in 
females.  This literature review has highlighted the importance of specific molecular 
pathways of interest that could be impacted by external stressors including obesity, HS, 
LPS exposure, and high fat diet feeding.  The work described in this thesis represents an 
effort to tease apart some of these contributory factors that result in negative impacts on 
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female fertility in order to generate a biological understanding on which to base future 
mitigation strategies to improve fertility in females. These strategies will not only 
translate to economic benefits to the US agricultural community but also in terms of 
improving animal welfare and animal productivity.  
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Abstract 
Heat stress (HS) occurs when environmental temperatures raise an animal’s body 
temperature out of the thermal neutral zone. HS is associated with seasonal infertility (SI) 
which manifests as smaller litters, longer wean-to-estrus interval, increased abortions, 
and reduced conception rates. To understand the mechanisms of SI during HS, fourteen 
crossbred post-pubertal gilts (167±10 kg) were synchronized via administration of 
altrenogest for 14d, then observed for estrus, ensuring exposure to HS during the luteal 
phase. At onset of estrus, gilts were assigned treatment, which began at 1900h 2 days post 
estrus (dpe): cyclical HS (35±1°C for 12h/31.6°C for 12h, n=7) or thermal neutral (TN, 
20±1°C, n=7) conditions, lasting until 12 dpe. All gilts were limit-fed 2.7 kg daily and 
had ad libitum access to water. Blood was collected at 0, 4, 8, and 12 dpe via jugular 
venipuncture and used for steroid and insulin concentration measurement via ELISA. 
Animals were humanely euthanized at 12 dpe and ovaries collected. The corpora lutea 
(CLs) of both ovaries were measured via digital calipers and the CLs of one ovary were 
excised, weighed, and used for protein and steroid abundance via western blotting and 
ELISA. HS animals had increased (P < 0.001) rectal temperature and respiration rate 
compared to TN animals. Feed intake was reduced (P < 0.001) in HS animals compared 
to TN counterparts. CLs of HS gilts had a reduction in both diameter (P < 0.05) and 
weight (P < 0.0001) compared to those of TN animals. No difference (P > 0.05) was 
observed in CL or serum progesterone concentrations at any time point. There was no 
difference (P > 0.05) in insulin concentrations between the groups. Luteal protein 
abundance of steroid acute regulatory protein (STAR), 3 beta-hydroxysteroid (3BHSD), 
and prostaglandin F2α (PGF2α) receptor were not different between treatments (P > 
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0.05). Taken together, these data demonstrate that the luteal phase is a HS-sensitive phase 
of the estrous cycle in pigs that could contribute to seasonal infertility.  
Keywords 
Heat stress, ovary, progesterone 
 
Introduction 
Heat stress (HS) occurs when an animal is experiencing an increased thermal load 
and is unable to maintain their body temperature. Pigs in particular are inherently 
susceptible to HS as their sweat glands are keratinized and therefore non-functional [1]. 
Additionally, increased selection pressure for pigs that have larger litters, accrue more 
lean tissue, and gain weight with less feed have increased the metabolic demands of the 
animal, making them more sensitive to HS [2–4]. Pigs employ physiological adaptations 
during HS to reduce heat production by decreasing their feed intake [5] and increasing 
heat dissipation by vasodilation in the skin [6].  This diversion of blood flow results in 
hypoxia at the intestine [7] which, in turn, leads to compromised integrity of the intestinal 
barrier function [6,8]. The reduction in intestinal barrier function allows the passage of 
bacteria and bacterial components from the intestinal lumen into circulation [8,9]. One 
such component is lipopolysaccharide (LPS), which is found on the outer wall of Gram-
negative bacteria such as E. coli [10].  
 
LPS interacts with its receptor, toll-like receptor 4 (TLR4), a membrane spanning 
protein found on macrophages and endothelial cells in animals [11–13]. TLR4, in 
cooperation with myeloid differentiation factor 2 (MD2) [14] and cluster of 
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differentiation 14 (CD14) [15], binds LPS and initiates a signaling cascade that 
culminates in the phosphorylation of the REL-associated protein (RELA) subunit of 
nuclear factor kappa B (NFkB) [16]. The signaling cascade is composed of two pathways 
that both lead to the phosphorylation of RELA: myeloid differentiation response gene 88 
(MyD88)-independent and MyD88-dependent, however, the MyD88-independent 
signaling activates genes encoding Type I interferons while the MyD88-dependent 
pathway activates pro-inflammatory cytokine genes [17,18]. One cytokine produced as a 
result of this activation is tumor necrosis factor alpha (TNFα) [19]. TNFα is critical for 
the immune response to an LPS insult; mice deficient in TNFα died after receiving a 
bolus of LPS while their counterparts given a TNFα injection prior to the LPS bolus 
survived [20].  
 
Paradoxically, though animals underdoing HS have reduced feed intake, serum 
insulin levels increase relative to TN counterparts [21], and we have recently shown that 
LPS acts as an insulin secretagogue in dairy cows [22]. Insulin and LPS can both activate 
the phosphatidylinositol 3 kinase (PI3K) pathway via binding to the insulin receptor [23] 
or TLR4 [24], respectively. This pathway has roles in regulation of primordial follicle 
activation and steroidogenesis via its effector molecules protein kinase B (AKT) and 
forkhead box O3 (FOXO3) [25–28]. HS can influence this pathway and we have 
demonstrated that pre-pubertal gilts exposed to HS for 35 days had increased ovarian 
AKT, FOXO3, and phosphorylated AKT (pAKT) [29].  
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In females, the ovary is the source of both gametes and steroid hormones. The two 
primary hormones produced in the ovary are 17β-estradiol (E2) and progesterone (P4), 
primarily produced during the follicular and luteal phases of the ovarian cycle, 
respectively. Both are produced from cholesterol via enzymatic conversions beginning 
with the transport of cholesterol into the inner mitochondrial membrane via steroid acute 
regulatory protein (STAR), considered the rate-limiting step of the process [30,31]. The 
cholesterol is converted to pregnenolone, which can either be converted to P4 via 3 beta-
hydroxysteroid dehydrogenase (3BHSD) [32] or continue on the pathway for E2: 
conversion to dehydroepiandrosterone then androstenedione by cytochrome P450 17A1 
(CYP17A1) and 3BHSD followed by action of 17 beta-hydroxysteroid dehydrogenase 
(17BHSD) and cytochrome P450 19A1 (CYP19A1) to produce testosterone followed by 
E2 through cooperation of granulosa and theca cells in dominant follicles [33]. After 
ovulation, the remaining granulosa and theca cells of the follicle undergo luteinization, or 
formation of the CL, stimulated by luteinizing hormone, which alters gene expression, 
decreasing expression of genes coding for CYP17A1 and CYP19A1 [34] and increasing 
expression of those for 3BHSD [35], shifting the production machinery towards P4 
synthesis. Sufficient levels of P4 are necessary to maintain pregnancy [36], and while in 
many mammals the placenta takes over P4 production after sufficient establishment of 
pregnancy, this does not occur in pigs, necessitating the presence of the CL for the entire 
duration of the pregnancy [37].  
 
Seasonal infertility (SI) is a reduction in fertility associated with HS and manifests 
in different ways phenotypically, including smaller litters [38], increased abortions 
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[39,40], delayed attainment of puberty [41], reduced conception rate [38], and longer 
wean-to-estrus interval [42]. SI is estimated to cost the swine industry $450 million 
annually [43] from poor sow performance alone. The mechanisms by which HS causes SI 
are not fully elucidated, however it is has been shown that HS can have detrimental 
effects on embryo quality [44], embryo development [45], steroidogenesis [29], and 
oocyte competence [46], though the specific effects can vary with duration of heat load, 
pubertal stage, and gestational age. Sows undergoing HS for the first five days post-
breeding had reduced embryo survival compared to their counterparts heat-stressed at 20 
days post-breeding or those in thermal neutral (TN) conditions [44]. Pre-pubertal gilts 
exposed to HS for 35 days had reduced ovarian STAR and CYP19A1 compared to TN 
gilts [29], but post-pubertal gilts exposed to HS for 5 days had no differences in ovarian 
STAR or CYP19A1 compared to TN animals (Dickson et al., under review).  
 
Reductions in serum concentrations of E2 have been shown in both dairy cows 
and heifers exposed to HS from day 11 to day 21 of their estrous cycle [47,48] and 
numerous studies across various species have demonstrated that LPS can reduce 
concentrations of P4 and E2 in serum [49–54]. Dairy cows administered LPS (0.5 µg/kg 
BW) via the mammary gland displayed an increase, followed by a decrease, of serum P4 
levels, but this difference was resolved by 12 hours post-bolus [55]. Furthermore, in an 
isolated perfused in vitro ovarian culture system, LPS administration was shown to 
induce apoptosis in bovine CL tissue [56]. However, the effects of HS on fertility during 
specific stages of the estrous cycle are not well characterized. This characterization and 
understanding is vital to developing amelioration strategies necessary to ensure 
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reproductive success of production animals. Previous studies from our research group 
have attempted to understand these effects in pre-pubertal gilts [29] as well as post-
pubertal gilts during the follicular phase of their ovarian cycle (Dickson et al., under 
review), though have not addressed the effects of HS in the luteal phase. Our data 
demonstrating hyperinsulinemia and endotoxemia in these studies provide the rationale to 
investigate the hypothesis that HS during the luteal phase will negatively affect ovarian 
function in post-pubertal gilts. The objective of this study was to characterize the effects 
of HS on the corpus luteum and steroid production in post-pubertal gilts during the luteal 
phase. 
 
Materials and Methods 
Materials: 
Triton X-100 (T-6878), HEPES (H3537), glycerol (G5516), NaF (S7920), EDTA 
(E7889), SDS (L3771), beta mercaptoethanol (M3148), Trizma Base (T1501), sodium 
chloride (S3014), Trichloroacetic acid (T6399) and Ponceau S (P3504) were obtained 
from Sigma Aldrich (St. Louis, Missouri). Halt Protease and Phosphatase Inhibitor 
Cocktail (PI78442), Pierce Bicinchoninic acid (BCA) Protein Assay Kit (23227), Glycine 
(BP381-500), iBlot 2 Transfer Stacks (IB23001), Phosphate Buffered Saline (PBS, 
BP665-1), Tween-20 (337), Bovine Serum Albumin (BSA, BP1605-100), dNTP (18427-
013), were obtained from ThermoFisher Scientific (Rockford, IL). Laemmli buffer (161-
0737), Precision Plus Protein Kaleidoscope (161-0375), and 4-20% Mini-PROTEAN 
TGX Precast Protein Gels (4561096) were obtained from Bio-Rad Laboratories 
(Hercules, CA). Matrix® (altrenogest) was obtained from Merck Animal Health 
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(Madison, NJ). Signal Fire enhanced chemiluminescent (ECL) reagent (6883) and 
antibodies directed against Anti-mouse IgG, HRP-linked (7076), and Anti-rabbit IgG-
HRP (7074) were obtained from Cell Signaling Technology (Danvers, MA). Antibodies 
directed against STAR (NBP1-33485) and 3BHSD (NB110-78644) were obtained from 
Novus Biologicals (Littleton, CO). Porcine Insulin enzyme linked immunosorbent assay 
(ELISA, 10-1200-01) was obtained from Mercodia (Uppsala, Sweden).  Progesterone 
ELISA (EIA-1561) was obtained from DRG International (Springfield, NJ).  
 
Animals 
Fourteen crossbred post-pubertal gilts (167±10 kg) were utilized for this 
experiment. Pigs were fed a diet that meets NRC requirements (CITE) and were limit fed 
2.7 kg at 0600h daily throughout the trial. Animals were individually housed at the Iowa 
State University Swine Nutrition Farm. All animal procedures were reviewed and 
approved by the Iowa State University Institutional Animal Care and Use Committee 
(approved IACUC #: 12-16-8400-S).  
 
Gilts were synchronized using altrenogest (Matrix®) for fourteen days. All 
animals were acclimated for a minimum of 3d in their pens with individual access to feed 
and water in thermal neutral conditions (20±1°C, 36-57% relative humidity). Beginning 4 
d post-altrenogest withdrawal, animals were checked for behavioral signs of standing 
estrus twice daily using boar exposure. Characteristics of estrus such as a swollen vulva, 
discharge, and reduced feed intake were noted, however an animal was classified as in 
estrus when she would stand for back pressure. At first detection of estrus, animals were 
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assigned to one of two treatments: thermal neutral (TN, n = 7) or heat stress (HS, n = 7). 
Time of detection was assigned as 0 days post-estrus (dpe). TN and HS treatments began 
at 2 dpe at 1900h. HS pigs were exposed to cyclical heat over a 24h period with 12h at 35 
± 1°C, 21-31% relative humidity and cooling to 31.6 ± 1°C, 21-31% relative humidity for 
12h in a diurnal pattern. TN pigs remained in the same conditions (31.6±1°C, 36-57% 
relative humidity) as the acclimation period.  
 
Rectal temperatures were measured at three morning and three afternoon time 
intervals (six measurements/pig/day) via digital thermometer. Respiration rates were 
collected at these identical times. Feed disappearance was measured at 0600h and 1500h 
during the treatment period. Body weights were obtained at 2 and 12 dpe.  
 
Serum Collection  
Blood samples were collected via jugular venipuncture at 0, 4, 8, and 12 dpe. One 
10 mL blood sample was collected into a vacuum tube and allowed to clot before 
processing. Serum samples were harvested via centrifugation at 4°C for 15 min at 1500 x 
g and stored at -20°C until further analysis. 
 
Tissue Collection  
Animals were humanely euthanized utilizing captive bolt penetration followed by 
exsanguination. Ovaries were removed and the number of CLs on each ovary was 
counted and diameter of each CL measured via digital calipers. One ovary was cut in half 
dorsally with half snap frozen in liquid nitrogen and the other half placed in 4% 
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paraformaldehyde. The contralateral ovary had each of the CLs excised, weighed, and 
snap frozen. The remaining ovarian tissue (devoid of CLs) was retained and snap frozen 
in liquid nitrogen.  
 
Corpus Luteum Progesterone Extraction  
From each animal, 2-4 CLs were powdered with a mortar and pestle. 
Approximately 100 mg of powdered tissue per animal was weighed out into a new tube, 1 
mL of 5% trichloroacetic acid added and homogenized [57]. These tubes were 
centrifuged at 10,621 x g at 4°C for 5 minutes to clarify the supernatant, which was then 
removed and placed into a new tube. The extractions were stored at -80°C until further 
analysis. 
 
Progesterone Quantification 
Concentrations of serum and CL P4 were obtained using a colorimetric 
competitive binding ELISA specific to P4, according to manufacturer’s protocol. Serum 
collected at 0, 4, and 8 dpe was run undiluted. Serum collected at 12 dpe was diluted 1:3 
and CL extractions were diluted 1:100 to bring them into the detectible range of the assay 
per protocol.  
 
Protein Isolation and Western Blotting 
Powdered CLs were incubated in tissue lysis buffer (1% Triton-x-100, 50mM 
HEPES, 150mM NaCl, 10% glycerol, 50mM NaF, 2mM EDTA, 1% SDS), 
homogenized, and incubated on ice for 30 min. Tissue homogenates were centrifuged at 
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10,621 x g at 4°C for 15 min. The supernatant was transferred to a fresh tube and 
centrifuged at 10,621 x g at 4°C for 15 min. The supernatant was transferred to a fresh 
tube and stored at -80°C until the time of analysis. The concentration of protein samples 
was determined using a BCA assay. Protein samples were diluted to 5 µg/µL in sterile 
water with 1X Laemmli buffer.  Protein samples were incubated at 95°C for 5 min and 
were separated on a Mini-PROTEAN TGX 4-20% precast gel followed by transfer to a 
nitrocellulose membrane utilizing the iBlot 2 Dry Transfer System (Protocol 0: 20 V for 1 
min, 23 V for 4 min, and 25 V for 2 min).  Equal protein loading and transfer quality 
were confirmed by Ponceau S staining. Membranes were washed in PBS with 0.2% 
Tween-20 (PBST) and were incubated in 5% BSA in PBST for 1-3 h at room temperature 
with gentle rocking action. Membranes were then incubated with primary antibodies 
(Table 2.1) overnight at 4°C with rocking, then were washed 3 times in PBST for 10 min 
each. Membranes were incubated with the appropriate secondary antibody (Table 2.1) for 
1 h at room temperature with rocking, followed by 3 washes of 10 min each in PBST. 
Membranes were incubated with ECL reagent for 3 min before imaging in a 
ChemiImager 5500 (Alpha Innotech, San Leandro, CA) with AlphaEaseFC software 
(v3.03 Alpha Innotech). Appropriate-sized bands were identified and densitometric 
analysis performed using ImageJ software (NCBI).  Densitometric analysis of Ponceau S 
staining was performed measuring the entire protein stain in each lane to confirm equal 
protein loading and to normalize specific proteins of interest to. Technical controls 
included primary antibody only, secondary antibody only, and primary antibody species-
specific IgG with secondary antibody, to demonstrate antibody specificity, for all 
antibodies (Appendix 1).  
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Statistics 
Rectal temperature, feed intake, and respiration rate were analyzed in SAS (Cary, 
NC) utilizing a PROC MIXED analysis procedure. Fixed effects were treatment, day, 
treatment*day, and replicate. Day was utilized as a repeated measure. TN period values 
were used as a covariate for each parameter. CL number was analyzed using the PROC 
GLIMMIX of SAS with a Poisson adjustment.  
CL weight, CL diameter, P4 concentrations, insulin concentrations, and protein 
abundance were analyzed using unpaired t-tests in GraphPad Prism. Statistical 
significance was set at P < 0.05, with a tendency for difference set at P < 0.10. † 
indicates P  < 0.10, * indicates P < 0.05, ** indicates P < 0.001, and *** indicates P < 
0.0001.  
 
Results 
Impact of chronic heat stress on rectal temperature and respiration rate 
Gilts were successfully heat stressed as evidenced by increased (P < 0.001) rectal 
temperatures in HS compared to TN animals (Figure 2.1).   HS gilts also had elevated (P 
< 0.001) respiration rates (101 bpm) compared to TN counterparts (29 bpm) (Figure 2.2).  
 
Chronic heat stress reduced feed intake and did not change insulin 
Feed intake was reduced (15%, P < 0.001) in HS gilts compared to TN animals 
(Figure 2.3). Serum insulin concentrations were not different between the groups on 
either day (P > 0.05; Figure 2.4).  
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Effect of chronic heat stress on corpus luteum diameter and weight 
No difference was seen in CL diameter between groups (P = 0.45, Figure 2.5A) 
but gilts exposed to HS had CLs that were lower in weight (15% decrease, P = 0.07, 
Figure 2.5B) than gilts exposed to TN conditions. There was no difference in average 
number of CLs per pig between the treatment groups (data not shown).  
 
Chronic heat stress did not impact progesterone levels in the serum or corpus luteum 
Serum P4 levels were not different (P > 0.05) on any of 0, 4, 8, or 12 dpe between 
HS and TN animals (Figure 2.6A). CL progesterone content was unchanged (P = 0.48) in 
HS compared to TN gilts (Figure 2.6B). However, when serum P4 is considered on a total 
CL weight basis, there is a tendency of an increase (P = 0.07) in the HS gilts, implying 
that the smaller CLs are producing a greater relative amount of P4 in HS animals (Figure 
2.7).  
 
Impact of chronic heat stress on luteal steroidogenic enzyme protein 
No difference (P = 0.73) was seen in luteal STAR protein abundance in gilts 
exposed to HS compared to gilts in TN conditions (Figure 2.8A).  Luteal 3BHSD protein 
abundance was unchanged (P = 0.90) between HS and TN gilts (Figure 2.8B).  
 
Effect of chronic heat stress on luteal prostaglandin F 2α receptor protein 
 There was no difference (P = 0.94) in luteal prostaglandin F2α (PGF2α) receptor 
protein between heat stressed and thermal neutral pigs (Figure 2.9). 
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Discussion 
SI in pigs is characterized by increased abortions [39], smaller litters [38], delayed 
puberty attainment [41], reduced rates of conception [38] and longer wean-to-estrus 
intervals [42]. SI is associated with HS, which pigs are more sensitive to, given their lack 
of functional sweat glands and increased thermal load from genetic selection for valuable 
production traits [1–4]. In an attempt to dissipate more heat, pigs increase vasodilation in 
their skin, which leads to hypoxia in the intestine and increased intestinal permeability 
[6,7,58]. This, in turn, allows for passage of LPS into circulation, which stimulates 
insulin secretion and induces inflammation via binding to TLR4 [11,13,58]. Numerous 
studies have reported alterations to P4 levels as a result of LPS, however, the studies vary 
on LPS dose, length of administration, route of administration, species, and their results; 
contrasting data on whether P4 was increased or decreased as a result of LPS are 
documented [49–55, 59–63]. This underpins the lack of a clear-cut relationship between 
LPS level and steroid hormone synthesis and metabolism. Additionally, many of these 
studies utilized a single bolus or high dose of LPS, unlike what is typically observed 
during HS situations: chronic, low levels of LPS in serum [9]. Trials in dairy cows to 
elucidate the relationships between P4 and HS demonstrated P4 increases in summer cows 
compared to winter, but only if they were primiparous, otherwise they saw the opposite 
effect [64]. Using sprinkler cooling systems for control animals, Wolfenson et al. 
reported decreased P4 during HS[65], but others utilizing a climate-controlled barn 
determined no differences in P4 concentrations [66]. Each of these trials examined steroid 
hormones over the entire estrous cycle and did not separate out the various phases. 
Therefore, we sought to characterize the effects of HS during the luteal phase in post-
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pubertal cycling gilts. To attain this, gilts were subjected to HS or TN conditions from the 
evening of 2 dpe to 12 dpe. The beginning of treatment was chosen to avoid confounding 
effects of HS during ovulation, an event that typically occurs 38-42 hours after the onset 
of estrus, or 60% of the way through sexual receptivity [67]. Timing of ovary collection 
was intended to coincide with peak luteal P4 production and before luteal regression 
occurs [68]. Gilts were successfully heat stressed as shown by increases in rectal 
temperature and respiration rate and a decrease in feed intake. Though there was this 
decrease in feed intake in HS animals, serum insulin concentrations were no different 
between the groups, implying that the HS gilts were hyperinsulinemic relative to the TN 
gilts as has been documented in other porcine HS studies [21,69].   
 
The CLs of HS pigs were reduced in weight compared to their TN counterparts. 
However, this did not translate to a decrease in serum or CL P4 concentration between the 
groups. This was unexpected, though not unprecedented: studies in dairy cows have 
found no correlation between CL volume and serum P4 concentrations [70–72]. We did 
observe a tendency for the HS CLs to produce more P4 on a weight basis than the TN 
animals. Trials reporting altered P4 concentrations due to HS in dairy cows had an 
increased thermal load on the animals for the entire estrous cycle [64,65,73] and others 
have shown that HS negatively impacts the number [66] and amplitude [74] of luteinizing 
hormone (LH) pulses. Proper formation and luteinization of the CL is dependent on 
sufficient LH and blocking this action has also been shown to reduce P4 levels [75]. By 
experimental design, all gilts were in TN conditions during ovulation and the beginning 
of luteinization, therefore we would expect no alterations in the ovulatory LH surge 
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between groups. Consistent with our findings of no change in P4 concentrations, we 
observed no differences in relative abundance of STAR protein in luteal tissue between 
groups. This enzyme performs the rate-limiting step of conversion of cholesterol to P4, 
namely, the transport of cholesterol into the inner mitochondrial matrix in the luteal cells 
[31]. Furthermore, no differences were seen in luteal abundance of 3BHSD protein, 
which performs the final step in P4 synthesis. [32]. The size and diameter of CLs were 
assessed at a single time point, consequently, we cannot assess the rate of growth or the 
initiation of regression during the experimental period. Administration of prostaglandin 
F2 alpha (PGF2α) to gilts can induce luteolysis, but only after day 12 of the estrous cycle 
[76], before this, the CL does not possess luteolytic capacity in normal physiology 
[76,77]. However, Estill et al. have demonstrated that repeated administration of PGF2α 
to gilts every 12h from day 5 to day 10 of the estrous cycle reduced serum P4 beginning 
on day 8.5 and shortened the cycle length by 6.5 days on average [78], which they 
present as evidence the CL can attain luteolytic capacity with repeated exposure to 
PGF2α.  
 
HS increases serum levels of LPS in gilts [58], facilitating activation of TLR4 
[11–13] and production of pro-inflammatory cytokines such as TNFα [17]. Culture of 
bovine luteal cells in vitro with TNFα increased media concentrations of PGF2α in a 
dose-dependent manner [79], and short-term in vitro isolated perfusion culture of bovine 
ovaries with constant LPS administration showed increased PGF2α concentrations in 
media after 70 minutes [56]. Moreover, in vitro culture of porcine luteal tissue after in 
vivo administration of a PGF2α analog revealed that the luteal tissue itself produced 
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PGF2α during the luteinization process. Early work in the field has demonstrated that 
luteal tissue is capable of PGF2α synthesis even during early stages [80]. Therefore, we 
propose that the decrease in luteal size observed at a time of expected peak luteal 
function in these gilts is a result of increased intestinal permeability leading to increased 
serum LPS, which binds TLR4 and causes production of TNFα. The ovary is responsive 
to LPS [55,56,62], so local TNFα could induce PGF2α production. Over time, the 
repeated production of PGF2α could induce early luteolysis in the gilts and cause 
premature CL regression. Testing this hypothesis is outside the scope of the current 
investigation, though the lack of difference in P4 levels or steroidogenic enzyme 
abundance combined with smaller CLs in the HS animals supports this theory. Though 
there was no difference in luteal PGF2αR protein abundance, tissue collection occurred 
when this receptor should be present on the CL. The design of this study does not allow 
for analysis of CL protein content before the 12 dpe time point. 
 
This study sought to elucidate the relationship between luteal HS and ovarian 
function and steroid production in post-pubertal gilts. While we found alterations to CL 
size in HS animals, there were no differences in P4 levels, demonstrating that at this 
single time point, there was not a relationship between P4 levels in serum and CL size, 
which has been reported in other species. Though we cannot speak to the temporal 
growth or regression of the CLs in HS animals, we propose a mechanism by which HS 
may induce premature regression of the CL, potentially contributing to the reduced 
conception rate seen in times of HS.  
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Figure 2.1. Impact of chronic heat stress on rectal temperature. 
Post-pubertal gilts were exposed to diurnal heat stress (35±1°C for 12h/31.6°C for 12h, 
21-31% relative humidity; HS) or thermal neutral (20±1°C , 36-57% relative humidity; 
TN) conditions from 3 – 12 dpe. Rectal temperature was recorded three times each 
morning and evening. Line graph represents average morning (AM) and evening (PM) 
rectal temperature per treatment ± SEM. There was an increase (P < 0.001) in average 
rectal temperature in the HS treatment compared to TN. * indicates difference between 
treatments at individual time points (P < 0.05); † indicates a tendency for difference 
between time points (P < 0.1). 
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Figure 2.2. Impact of chronic heat stress on respiration rate. 
Post-pubertal gilts were exposed to diurnal heat stress (35±1°C for 12h/31.6°C for 12h, 
21-31% relative humidity; HS) or thermal neutral (20±1°C , 36-57% relative humidity; 
TN) conditions from 3 – 12 dpe. Respiration rate was recorded three times each morning 
and evening. Line graph represents average morning (AM) and evening (PM) respiration 
rate per treatment ± SEM. There was an increase (P < 0.001) in average respiration rate 
in the HS treatment compared to TN. ** indicates difference between treatments at 
individual time points (P < 0.001). 
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Figure 2.3. Impact of chronic heat stress on feed disappearance. 
Post-pubertal gilts were exposed to diurnal heat stress (35±1°C for 12h/31.6°C for 12h, 
21-31% relative humidity; HS) or thermal neutral (20±1°C , 36-57% relative humidity; 
TN) conditions from 3 – 12 dpe. Animals were limit fed 2.7 kg daily at 0600h. Feed 
disappearance was recorded daily. Line graph represents feed disappearance each day in 
each group ± SEM. * indicates difference between treatments at individual time points (P 
< 0.05); † indicates a tendency for difference between time points (P < 0.1).  
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Figure 2.4. Impact of chronic heat stress on serum insulin concentrations. 
Post-pubertal gilts were exposed to diurnal heat stress (35±1°C for 12h/31.6°C for 12h, 
21-31% relative humidity; HS) or thermal neutral (20±1°C , 36-57% relative humidity; 
TN) conditions from 3 – 12 dpe. A fasting blood sample was collected on 0 and 12 dpe 
and analyzed for insulin concentrations via colorimetric ELISA. Bar graph represents the 
average serum insulin concentration in each group ± SEM. P > 0.05 between groups at 
each time point.  
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Figure 2.5. Impact of chronic heat stress on corpus luteum diameter and weight.  
Post-pubertal gilts were exposed to diurnal heat stress conditions from 3 – 12 dpe. After 
euthanasia, ovaries were removed and the diameter of each corpus luteum measured 
using digital calipers. Bar charts represent the average (A) diameter and (B) weight in 
each group ± SEM. † indicates a tendency for difference between time points P < 0.1.  
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Figure 2.6. Impact of chronic heat stress on serum and luteal progesterone 
concentrations. 
Post-pubertal gilts were exposed to diurnal heat stress (35±1°C for 12h/31.6°C for 12h, 
21-31% relative humidity; HS) or thermal neutral (20±1°C , 36-57% relative humidity; 
TN) conditions from 3 – 12 dpe. (A) Blood was collected on 0, 4, 8, and 12 dpe and 
analyzed for progesterone concentrations via colorimetric ELISA. Line graph represents 
the average serum progesterone concentration in each group  ± SEM. P4 levels were 
different between time points, but within each time point no differences were noted, P > 
0.05. (B) Corpora lutea from each animal were powdered and homogenized in 5% 
trichloroacetic acid and diluted samples run on a colorimetric ELISA to quantify P4 
content. Bar graph represents the average luteal P4 concentration per mg of tissue in each 
group  ± SEM; P = 0.48. 
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Figure 2.7. Impact of chronic heat stress on serum progesterone relative to total CL 
weight.  
Post-pubertal gilts were exposed to diurnal heat stress (35±1°C for 12h/31.6°C for 12h, 
21-31% relative humidity; HS) or thermal neutral (20±1°C , 36-57% relative humidity; 
TN) conditions from 3 – 12 dpe.  Blood was collected on 0, 4, 8, and 12 dpe and analyzed 
for P4 concentrations via colorimetric ELISA. After euthanasia, ovaries were removed 
and the diameter of each corpus luteum measured using digital calipers. Bar graph 
represents the average serum progesterone concentration per total CL tissue weight in 
each group  ± SEM; P = 0.07. 
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Figure 2.8. Impact of chronic heat stress on luteal STAR and 3BHSD protein 
abundance.  
Post-pubertal gilts were exposed to diurnal heat stress (35±1°C for 12h/31.6°C for 12h, 
21-31% relative humidity; HS) or thermal neutral (20±1°C , 36-57% relative humidity; 
TN) conditions from 3 – 12 dpe. Bar charts represent relative luteal (A) STAR and (B) 
3BHSD protein abundance for TN and HS animals as densitometric mean ± SEM, P 
>0.05. Representative western blots are presented for STAR and 3BHSD proteins. Equal 
protein loading is confirmed by Ponceau S staining. 
 
 
 
 
 
 
0 
0.2 
0.4 
0.6 
0.8 
1 
1.2 
1.4 
Re
la
tiv
e 
Pr
ot
ei
n 
Ab
un
da
nc
e 
TN 
HS 
STAR 
Ponceau S 
TN HS TN HS TN HS TN HS TN HS TN HS TN HS 
A 
0 
0.2 
0.4 
0.6 
0.8 
1 
1.2 
Re
lat
ive
 P
ro
tei
n A
bu
nd
an
ce
 
TN 
HS 
0 
0.2 
0.4 
0.6 
0.8 
1 
1.2 
Re
lat
ive
 P
ro
tei
n A
bu
nd
an
ce
 
TN 
HS 
0 
0.2 
0.4 
0.6 
0.8 
1 
1.2 
1.4 
Re
la
tiv
e 
Pr
ot
ei
n 
Ab
un
da
nc
e 
TN 
HS 
3BHSD 
Ponceau S 
TN HS TN HS TN HS TN HS TN HS TN HS TN HS 
B 
 63  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.9. Impact of chronic heat stress on luteal PGF2αR abundance.  
Post-pubertal gilts were exposed to diurnal heat stress (35±1°C for 12h/31.6°C for 12h, 
21-31% relative humidity; HS) or thermal neutral (20±1°C , 36-57% relative humidity; 
TN) conditions from 3 – 12 dpe. Bar chart represent relative luteal PGF2αR protein 
abundance for TN and HS animals as densitometric mean ± SEM, P = 0.94. 
Representative western blots are presented for PGF2αR protein. Equal protein loading is 
confirmed by Ponceau S staining.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0 
0.2 
0.4 
0.6 
0.8 
1 
1.2 
Re
la
tiv
e 
Pr
ot
ei
n 
Ab
un
da
nc
e 
TN 
HS 
PGF2αR 
Ponceau S 
TN HS TN HS TN HS TN HS TN HS TN HS TN HS 
 64  
 
 
Table 2.1 Antibody dilutions used for protein detection 
Protein  Primary 
Antibody 
Primary 
Dilution 
Secondary 
Antibody 
Secondary 
Dilution 
STAR Rabbit anti-
STAR 
1:1000 Goat anti-rabbit 
IgG HRP-linked 
1:1000 
3BHSD Mouse anti- 
3BHSD 
1:1000 Horse anti-mouse 
IgG HRP-linked 
1:1000 
PGF2αR Rabbit anti- 
PGF2αR 
1:500 Goat anti-rabbit 
IgG HRP-linked 
1:500 
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Abstract  
Increased serum levels of lipopolysaccharide (LPS) are associated with heat stress 
(HS) and infection. Both have been associated with reduced fertility, though specific 
effects of low-level, repeated LPS exposure on the ovary are unclear, as many studies 
utilize a bolus model and/or high doses of LPS. To better understand the effects of low-
level repeated LPS exposure on ovarian signaling and function, post-pubertal gilts (n=20) 
were orally administered altrenogest for 14d to synchronize the beginning of the 
follicular phase of the ovarian cycle. For 5d after synchronization, gilts (163 ± 3 kg) 
received IV administration of LPS (0.1 µg/kg BW, n=10) or saline (CT, n=10) 4x daily 
for 5d during their follicular phase. Blood samples were obtained on d1, d3, and d5 of 
administration. Following the end of administration, gilts were humanely euthanized and 
ovaries collected. Follicular fluid was aspirated from dominant follicles and whole 
ovarian homogenate used for protein abundance analysis via western blotting and 
transcript abundance via qRT-PCR. There was no difference in rectal temperature 
between groups on any day (P > 0.05). LPS animals displayed increased plasma insulin 
(P = 0.005), LPS binding protein (LBP; P =0.0009) and glucose (P = 0.081) on d1, and 
no differences in these between groups on d3 or d5 were observed (P > 0.05). No 
differences were seen in follicular fluid concentrations of LBP and 17β-estradiol between 
groups (P > 0.05). LPS gilts had increased abundance of ovarian TLR4 (P = 0.018) but 
no difference was seen in transcript abundance of TLR4 pathway components. Ovarian 
abundance of protein kinase B (AKT) and phosphorylated AKT (pAKT) were unchanged 
between groups, as were transcript abundances of these and other components of the 
phosphatidylinositol 3 kinase (PI3K) pathway. No differences were seen in ovarian 
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abundance of STAR or CYP19A1, nor ESR1, LDLR, CYP19A1, CYP11A1, CYP17A1, or 
3BHSD. In conclusion, repeated, low level LPS infusion alters inflammatory but not 
steroidogenic or PI3K signaling in follicular phase gilt ovaries.  
Keywords 
Lipopolysaccharide, toll-like receptor 4, ovary  
 
Introduction 
Lipopolysaccharide (LPS; also referred to as endotoxin) is a component of the 
outer wall of gram-negative bacteria. While the structure of each bacterial species and 
strain of LPS may differ, a lipid A moiety and a number of glycerophospholipid 
structures are common to all [1] and LPS can be detoxified by cleavage of the lipid A 
moiety from the glycerophospholipid backbone via the action of hepatic acyloxyacyl 
hydrolase (AOAH). LPS affects cells at the molecular level by binding to its receptor, 
toll-like receptor 4 (TLR4) [2], and also requires LPS-binding protein (LBP) to bind to 
circulating LPS and the LPS-LBP complex then associates with the membrane-bound 
protein cluster of differentiation 14 (CD14). Myeloid differentiation factor 2 (MD2) 
protein couples with TLR4 on the external side of the membrane to assist in activation of 
a signaling cascade that culminates in phosphorylation of the rel-associated protein 
(RELA) subunit of nuclear factor kappa B (pNFKB) [3]. Pro-inflammatory cytokines and 
type-1 interferons are produced post-pNFKB activation, both of which influence the 
immune response to LPS [4–6]. TLR4 stimulation by LPS binding, can activate the 
phosphatidylinositol 3-kinase (PI3K) signaling pathway, which, through the actions of 
protein kinase B (AKT) and forkhead transcription factor (FOXO3), plays a role in 
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primordial follicular activation to grow [7–9] and steroidogenesis [10,11] and, thus, plays 
important roles in ovarian function. The number of oocytes present at birth in the ovary 
are finite, and must be activated to develop toward ovulation, so alterations in primordial 
follicle growth activation can result in infertility due to premature depletion of the 
primordial follicle pool [12].  
 
Growing ovarian follicles have an endocrine function and are the major source of 
17β-estradiol (E2) in females [13], which is synthesized from the cholesterol precursor by 
cooperative action between the granulosa and theca cells via a process known as the “two 
cell theory of steroidogenesis” [14]. Cholesterol is transported into the inner 
mitochondrial matrix by steroid acute regulatory protein (STAR), the rate limiting step of 
steroid hormone biosynthesis [15], and is then converted to pregnenolone and to 
dehydroepiandrosterone via CYP17. 3βHSD catalyzes the further conversion to 
androstenedione in theca cells but granulosa cells lack 3βHSD.  Androstenedione diffuses 
across the basement membrane from theca to granulosa cells where it is converted to 
testosterone via 17βHSD and to E2 via CYP19A1 [13–18].  
 
Increased circulating LPS has been observed in mammals during heat stress (HS) [19–
21], gram-negative bacterial infection [22], or obesity [23]. Both HS and obesity increase 
intestinal permeability, thereby facilitating the passage of LPS and other bacterial 
components from the intestinal lumen to the circulation [21,24].  Animals undergoing HS 
reduce their feed intake [25], but despite this, have a concomitant increase in serum 
insulin concentrations [19,26,27]. Hyperinsulinemia is associated with ovarian 
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overstimulation [28] and insulin treatment increased E2 [29], androstenedione and P4 [30] 
in porcine cultured granulosa and theca cells, respectively.  
 
In humans, increased serum levels of LPS and intestinal permeability are 
associated with obesity [24,31,32]. Interestingly, obesity and endotoxemia are linked to 
other detrimental health conditions such as hyperinsulinemia [32–34]. Obesity is 
additionally associated with reduced fertility, manifested in women in the form of 
ovulation disorders [35], abnormal menstruation [36], abortion in the first trimester of 
pregnancy [37,38], and general infertility. The etiology of these conditions has not been 
fully elucidated, though studies have shown that weight loss drastically improves fertility 
and pregnancy outcomes [39,40].  
 
LPS impacts steroidogenesis in non-porcine species. Dairy cows that received a 
bolus administration of LPS (0.5 µg/kg BW) during the luteal estrous phase had a sharp 
increase followed by a depression in serum P4 which returned to baseline after 72h [41]. 
These cows also had reduced abundance of luteal STAR 12h post-bolus [41]. Rhesus 
monkeys administered LPS (150 µg, 5-7.5 kg BW) twice daily during their follicular 
phase had decreased serum E2 and longer a follicular phase than noted in their previous 
cycles [42]. A similar study administered LPS in an identical paradigm except that the 
animals were in the luteal phase of their estrous cycle. These monkeys had reduced serum 
P4 but no changes to length of luteal phase compared to their previous cycles [43]. Orally 
administered LPS had no effect on serum P4 concentrations in pigs [44], however this 
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dosing scheme does not necessarily model the entry of LPS into circulation via intestinal 
permeability or bacterial infection. 
An effect of LPS on primordial follicle activation and viability has been noted. 
Bovine ovarian cortical strips cultured ex vivo an exposed to LPS (10 µg/mL) for 6 days 
had decreased numbers of primordial follicles compared to controls and also had 
decreased levels of the PI3K members, PTEN and FOXO3 proteins, in primordial 
follicles [45]. Additionally, mice dosed intraperitoneally with LPS (100 µg) and their 
ovaries collected 24 hours later had decreased primordial follicles and increased numbers 
of atretic follicles compared to mice given saline [45]. Studies examining the effects of 
LPS on on attainment and maintenance of pregnancy in swine have been performed [46–
49], however information on impacts of the follicular phase of the porcine estrous cycle 
are lacking.   
Studies investigating mechanistic impacts of LPS exposure have utilized acute, 
high concentration exposure paradigms, in which administration of either an LPS bolus 
or multiple injections over a short period of time occur. In porcine studies, concentrations 
of LPS administered range from 0.5 µg/kg to 36 mg [46–48]. Physiological states that 
result in increased circulating LPS due to reduced intestinal integrity and increased 
intestinal permeability, such as HS or feed restriction, or due to infection by LPS-
producing bacterial elicit a chronic, low-level endogenous LPS exposure, thus acute 
exposures may not accurately reflect what is happening in the animal. Therefore, this 
study aimed to mimic low-level chronic LPS exposure, in the absence of a dramatic 
febrile response, to more accurately represent chronic elevated LPS that occurs during 
HS, restricted feed intake, or infection.  Additionally, in order to better understand the 
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effect of LPS on the developing follicle in vivo, LPS was administered during the 
follicular phase of the estrous cycle in post-pubertal gilts.  
 
Materials and Methods  
Materials: 
Lipopolysaccharide from Escherichia coli O55:B5 (L2880), Triton x-100 (T-
6878), HEPES (H3537), glycerol (G5516), NaF (S7920), EDTA (E7889), SDS (L3771), 
beta mercaptoethanol (M3148), Trizma Base (T1501), sodium chloride (S3014), and 
Ponceau S (P3504) were obtained from Sigma Aldrich (St. Louis, Missouri). Halt 
Protease and Phosphatase Inhibitor Cocktail (PI78442), Pierce Bicinchoninic acid (BCA) 
Protein Assay Kit (23227), Glycine (BP381-500), iBlot 2 Transfer Stacks (IB23001), 
phosphate buffered saline (PBS, BP665-1), Tween 20 (337), bovine serum albumin 
(BSA, BP1605-100), dNTP (18427-013), dithiothreitol (DTT; Y00147), RNAse out 
(10777019), Superscript III (18080- 093), 1st Strand Buffer (Y02321), Sodium phosphate 
monobasic, anhydrous (S381), and MgCl2 (M33400) were obtained from ThermoFisher 
Scientific (Rockford, IL). Laemmli buffer (161-0737), Precision Plus Protein 
Kaleidoscope (161-0375), and 4-20% Mini-PROTEAN TGX Precast Protein Gels 
(4561096) were obtained from Bio-Rad Laboratories (Hercules, CA). RNeasy Mini Kit 
(74104) and Quantitect SybrGreen (204143) were obtained from Qiagen. Primers and 
Oligo dT were obtained from the Iowa State University DNA facility (Ames, IA). PCR 
plates (951020460) and Masterclear cap strips (951022089) were obtained from 
Eppendorf (Hauppauge, NY). Matrix® (altrenogest) was obtained from Merck Animal 
Health (Madison, NJ). Signal Fire enhanced chemiluminescent (ECL) reagent (6883) and 
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antibodies directed against AKT (9274), pAKT (2965), CYP19A1 (14528), STAR 
(8499), Anti-mouse IgG, HRP-linked (7076), and Anti-rabbit IgG-HRP (7074) were 
obtained from Cell Signaling Technology (Danvers, MA). TLR4 antibody (NB100-
56566) was obtained from Novus Biologicals (Littleton, CO). Antibodies directed against 
AOAH D-15 (sc-163692) and mouse anti-goat IgG (sc-2354) were obtained from Santa 
Cruz Biotechnology (Santa Cruz, CA). LBP enzyme-linked immunosorbent assay 
(ELISA, HK503) was purchased from Hycult Biotech (Uden, Netherlands). Porcine 
Insulin ELISA (10-1200-01) was from Mercodia (Uppsala, Sweden).   
 
Animals 
Twenty crossbred post-pubertal gilts (163 ± 3 kg) were randomly assigned to 
receive saline (CT, n = 10) or lipopolysaccharide (LPS, 0.1 µg/kg BW, n = 10). Animals 
were housed individually in a pen (56 cm x 221 cm) in the discovery wing of the Iowa 
State University Swine Nutrition Farm.  Each pen contained a stainless steel feeder and a 
nipple drinker. Water was provided ad libitum throughout the duration of the experiment. 
All animals were limit fed 2.7 kg daily at 0600h. All animal procedures were reviewed 
and approved by the Iowa State Institutional Animal Care and Use Committee.  
 
Experimental Design  
The study was divided into two phases: estrus synchronization (d-13 through d0) 
and treatment administration (d1 through d5). Estrus synchronization was performed by 
inclusion of 15 mg altrenogest (Matrix®) per animal in feed as top dressing. On d-4, 
jugular catheters were surgically inserted in each animal as described previously [27] and 
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the animal allowed to recover for 5d. On d1, altrenogest was removed from feed and 
experimental treatment began, continuing for 5d, in which either CT or LPS was 
administered 4x daily at 0000h, 0600h, 1200h, and 1800h.  
 
CT gilts were administered 3 mL of sterile saline while LPS gilts received LPS 
(Escherichia coli O55:B5 dissolved in sterile saline; this strain was chose as an LPS 
mimetic and has been widely used throughout the literature [2,41,50–52]) equal to 0.1 
µg/kg of initial body weight. Rectal temperatures were collected twice daily at 0530 and 
1730h using a digital thermometer. Blood was collected daily during the treatment period 
at 1730h. Gilts were restrained using a top-jaw snare and 10 mL blood was collected via 
the jugular catheter into tubes containing sodium heparin. Blood samples were 
centrifuged for 15 min at 1500 x g at 4 °C. Plasma was removed and stored at -20 °C for 
further analysis.  Gilts were sacrificed at 0600h on d 6 using captive bolt penetration 
followed by exsanguination. Follicular fluid from ovarian dominant follicles were 
aspirated from the contralateral and frozen on ice, and later transferred to -80°C. One 
ovary was flash frozen in liquid nitrogen for later processing. The contralateral ovary 
(with aspirated dominant follicles) were fixed in 4% paraformaldehyde for 24h and then 
transferred to 70% ethanol for storage and further processing.  
 
Protein Isolation and Western Blotting 
Ovaries were incubated in tissue lysis buffer (1% Triton-x-100, 50mM HEPES, 
150mM NaCl, 10% glycerol, 50mM NaF, 2 mM EDTA, 1% SDS), homogenized, and 
incubated on ice for 30 min. Tissue homogenates were centrifuged at 10,621 x g at 4°C 
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for 15 min. The supernatant was transferred to a fresh tube and centrifuged at 10,621 x g 
at 4°C for 15 min. The supernatant was transferred to a fresh tube and stored at -80°C 
until the time of analysis. The concentration of protein samples was determined using a 
BCA assay.  Protein samples were diluted to 4 µg/µL in sterile water with 1X Laemmli 
buffer, incubated at 95°C for 5 min and separated on a Mini-PROTEAN® TGXTM 4-
20% precast gel followed by transfer to a nitrocellulose membrane utilizing the iBlot 2 
Dry Transfer System.  40 µg of protein was loaded per lane; equal protein loading and 
transfer quality were confirmed by Ponceau S staining. Membranes were washed in PBS 
with 0.2% Tween-20 (PBST) and were incubated in 5% BSA in PBST for 1-3 h at room 
temperature with gentle rocking action. Membranes were incubated with primary 
antibodies, as listed in Table 1, overnight at 4°C with rocking, washed 3 times in PBST 
for 10 min, incubated with the appropriate secondary antibody (Table 3.1) for 1h at room 
temperature with rocking, followed by 3 washes of 10 min in PBST. Membranes were 
incubated with ECL reagent for 3 min before imaging using a ChemiImager 5500 (Alpha 
Innotech, San Leandro, CA) with AlphaEaseFC software (v3.03 Alpha Innotech). 
Appropriate-sized bands were identified and densitometric analysis performed using 
ImageJ software (NCBI).  Densitometric analysis of Ponceau S staining was performed to 
confirm equal protein loading and to normalize specific proteins of interest to. Negative 
controls for all antibodies included primary antibody only, secondary antibody only, and 
primary antibody species-specific IgG with secondary antibody, to demonstrate antibody 
specificity (Appendix 1).  
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Follicular fluid analysis 
Follicular fluid was aspirated from dominant ovarian follicles at time of tissue 
collection, and diluted in 1% BSA buffer (1 g BSA, 0.12 g sodium phosphate monobasic, 
anhydrous, 0.88 g sodium chloride, 0.01 g sodium azide, 100 mL ddH2O, at 7.0-7.2 pH) 
in serial dilutions: 1:10, 1:100, 1:1000 and 1:10,000. E2 concentration in follicular fluid 
was measured by radioimmunoassay performed by Dr. George Perry at South Dakota 
State University.   
 
RNA isolation and polymerase chain reaction analysis 
Ovaries were powdered using a mortar and pestle and RNA extracted using an 
RNeasy Mini Kit following the manufacturer’s protocol. Concentration of RNA was 
measured using a ND-1000 Spectrophotometer (λ = 260/280 nm). Complementary DNA 
(cDNA) was synthesized using total RNA (200 ng), 1 µL oligo dT, 1 µL dNTP, and water 
to a total volume of 13 µL. Samples were heated to 65 °C for 5 min then placed on ice 
until addition of master mix. Master mix was composed of 4 µL 1st Strand Buffer, 1 µL 
0.1 mM DTT, 1 µL RNAse Out, and 1 µL Superscript III. 7 µL of master mix was added 
to each sample and then heated to 50°C for 60 min and then 70°C for 15 min. Samples 
were stored at -20°C until use. cDNA was diluted (1:50) and amplified using a 
QuantiTect SYBR® Green PCR Kit on an Eppendorf MasterCycler RealPlex 4 and 
primers specific for TLR4, AOAH, FOXO3, CYP19, LDLR, LHR, CYP11, CYP17A1, 
AKT1, ESR1, INSR, IRS1, STAR, c-KIT, and HSD3B1 (see Table 2 for primer sequences). 
The PCR consisted of a 15 min hold at 95°C followed by 40 cycles of: denaturing at 
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95°C for 15s, annealing for 5s (see Table 2 for annealing temperatures), and extension at 
72°C for 30 sec. A melting gradient of 72°C to 99°C at 1°C increase per step was 
performed to confirm amplification of a single PCR product and to identify primer dimer 
formation. Technical controls included omission of cDNA template, forward/reverse 
primers and master mix only, and H2O only. Relative fold change was calculated using 
the 2-ΔΔCT method normalized to GAPDH. The results are presented as mean fold 
difference ± the standard error relative to the lowest abundance sample within each gene.  
Statistical Analysis 
Feed intake, rectal temperature, insulin, glucose, and plasma LBP were analyzed 
utilizing the PROC MIXED of SAS (Cary, NC). Fixed effects were treatment, day, and 
treatment*day, with day set as a repeated measure. Baseline values from before the start 
of infusion were used as covariates for each parameter.  
Western blot, PCR, follicular fluid LBP, and follicular fluid E2 data were all 
analyzed using unpaired two-tailed t-tests in GraphPad Prism. Statistical significance was 
set at P < 0.05 with a tendency for difference set at P < 0.1. † indicates P < 0.1, * 
indicates P < 0.05, and ** indicates P < 0.01.  
 
Results  
Impact of chronic lipopolysaccharide (LPS) infusion on rectal temperature and feed 
intake 
 
There was no difference (P = 0.92 in daily rectal temperatures between CT and 
LPS treated gilts, nor any difference (P = 0.49) in average rectal temperatures throughout 
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the trial between the groups (Figure 3.1A), thus the animals were not displaying a febrile 
response. There was additionally no difference (P = 0.94) in feed intake between CT or 
LPS animals on any of the days (Figure 3.1B).  
 
Influence of repeated LPS infusion on circulating insulin and glucose 
LPS animals had an initial increase (119%; P = 0.005) in blood insulin relative to 
CT animals but returned to CT levels on d3 (P = 0.84) and d5 (P =0.99, Figure 3.2A). A 
tendency for an increase (16%; P = 0.08) in blood glucose levels was observed on d1 but 
this difference was resolved by d3 (P = 0.89; Figure 3.2B). The glucose:insulin ratio for 
each of the days was calculated as a crude measure of insulin sensitivity, with an decrease 
(P = 0.02) in the ratio on d1 between the CT and LPS animals that resolved by d3 (P = 
0.34) and d5 (P = 0.48; Figure 3.2C ).  
 
Effect of chronic LPS infusion on follicular size 
There was no difference in diameter of ovulatory follicles between groups (P = 
.0.69; Figure 3.3). There was no impact of experimental treatment on the volume of 
follicular fluid obtained per ovary.  
 
 
Impact of LPS on insulin-mediated intracellular ovarian signaling 
There was no difference (P > 0.05) in ovarian transcript abundance of INSR, 
IRS1, AKT, cKIT, or FOXO3 in the LPS group relative to the CT gilts (Figure 3.4).  Also, 
no difference was observed in the protein abundance of AKT (P = 0.95; Figure 3.5A), 
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pAKT (P = 0.12; Figure 3.5B), or the pAKT:AKT ratio (P = 0.24) due to LPS exposure 
in post-pubertal gilts (Figure 3.5C).  
 
Effect of chronic LPS infusion on blood and follicular fluid LBP level.  
Circulating LBP was increased (149%; P = 0.0009) relative to CT on d 1 of LPS 
exposure but no difference from CT gilts was observed on d 3 (P = 0.85) or d 5 (P = 
0.65; Figure 3.6A). This sharp increase on d1 is consistent with LBP as an acute phase 
protein [53]. There was no difference (P = 0.97) in LBP levels in follicular fluid aspirated 
from dominant follicles of CT and LPS exposed gilts on d5 of the experimental period 
(Figure 3.6B). 
 
Effect of LPS exposure on ovarian TLR4 pathway activation 
LPS exposure did not impact (P > 0.05) ovarian transcript abundance of TLR4, 
NFkB, MyD88, MD2, or AOAH in LPS gilts (Figure 3.7). At the protein level, LPS 
exposed gilts had increased (134%; P = 0.01) abundance of ovarian TLR4 compared to 
controls (Figure 3.8A) and there was no difference (P = 0.43) in ovarian AOAH protein 
level between groups (Figure 3.8B).  
 
Influence of LPS exposure on ovarian 17β-estradiol production  
No difference (P = 0.63) was observed in levels of 17β-estradiol present in 
follicular fluid aspirated from the dominant follicles between CT and LPS groups (Figure 
3.9).  
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Impact of LPS exposure on ovarian steroidogenic enzyme mRNA and protein abundance 
LPS exposure did not change (P > 0.05) levels of mRNA encoding the ESR1, 
LDLR, or LHR.  Additionally, transcript abundance of CYP19A1, CYP17A1, CYP11A1, 
HSD3B1, were unchanged (P > 0.05) by LPS (Figure 3.10). Furthermore, ovarian protein 
levels of CYP19A1 (Figure 3.11A) and STAR (Figure 3.11B) did not differ (P = 0.62, P 
= 0.9185, respectively) between LPS and CT gilts.  
 
Discussion 
Increases in circulating LPS are associated with various physiological states 
including HS, reduced feed intake, gram-negative bacterial infection, and obesity. HS is 
defined as an imbalance of thermal energy flowing into and out of an animal and swine 
are inherently susceptible to HS as they lack functional sweat glands, leading to the 
diversion of blood flow to the periphery for heat dissipation, which results in hypoxia for 
the gastrointestinal tract [54]. HS is associated with reduced fertility in livestock species, 
especially pigs, known as seasonal infertility (SI). In swine, SI manifests as smaller 
litters, longer wean to estrus interval, and increased abortions [55–57]. These 
reproductive failures are costly to the livestock industry; an estimated $450 million is lost 
each year due to SI in swine in the United States [58].   
LPS activates the innate immune system via the TLR4 pathway [2], which 
culminates in the phosphorylation of RELA [3] and the production of various pro-
inflammatory cytokines [59]. Previous in vitro studies have shown that LPS can 
upregulate production of cytokine IL-6 and chemokine IL-8 in bovine granulosa cell 
culture, increase meiotic failure in bovine cumulus oocyte complexes [60], and reduce the 
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primordial follicle pool in vitro in mice and when added to media in bovine ovarian 
culture [45]. HS increases circulating LPS in swine [19,20] and though there have been a 
number of studies examining fertility impacts of LPS, these studies have been performed 
in non-porcine species, thus the contribution of LPS to SI in swine remains unclear. 
Additionally, as exposure paradigms were short in nature and high in LPS concentrations, 
they largely are unreflective of a chronic exposure situation occurring in vivo. 
Furthermore, these studies do not account for metabolism or detoxification of the LPS by 
the immune system, nor did they examine other physiological changes that may impact 
the ovary.  Thus, our objectives in this study were two-fold: to successfully expose post-
pubertal gilts to continuous, low-level LPS and to determine ovarian molecular and 
steroidogenic responses to LPS exposure.    
 
To implement our experimental objectives, post-pubertal gilts were infused with 
0.1 µg/kg LPS four times daily via jugular catheter during their follicular phase of the 
estrous cycle and the ovaries were collected immediately prior to ovulation, facilitating 
follicular fluid collection to assess the environmental matrix with greatest proximity to 
the oocyte. None of the animals exhibited a fever throughout the trial, thus we could 
directly assess the effect of LPS without the confounding effects of elevated body 
temperature.  In addition, offering both groups of gilts the same amount of feed 
eliminated confounding effects of reduced feed intake due to LPS exposure. As has been 
demonstrated in a number of studies, LPS acted as an insulin secretagogue and an acute 
increase in blood insulin was observed without a concomitant expected reduction in 
glucose [25,61–63].  There may have been an increase in gluconeogenesis and/or 
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glycogenolysis to supply greater glucose as an immune cell fuel [64], which could have 
then translated to lack of an observable hypoglycemic phenotype, though this cannot be 
confirmed by the current study. Using plasma gluose:insulin ratio as an indicator, we did 
note a decrease in insulin sensitivity on d1. Taken together, we were successful in our 
establishment of a porcine model to study follicular effects of chronic low-level LPS 
exposure.  
 
LBP is a soluble acute phase protein that binds LPS in serum [65,66]. While LPS 
can activate the TLR4 complex while unbound [67], when bound to LBP it has an 
increased rate of binding to CD14 [68]. In human granulosa-luteal cell culture, exposure 
to LPS caused production of LBP; interestingly, over ninety percent of the cells positive 
for LBP also contained detectible 3βHSD [69], suggesting that the granulosa-luteal cells, 
not immune cells, were producing the LBP. We observed increased plasma LBP on d1 
but not d3 or d5, which is consistent with the temporal pattern of acute phase proteins 
[53]. Baseline porcine serum LBP concentrations of approximately 10 µg/mL have been 
reported [70], similar to the levels observed in our study. We did not observe differences 
in LBP concentrations between treatments in follicular fluid at d5 of experimental 
treatment, however, given that follicular fluid arises from components of serum this 
finding was not surprising [71].  
  
Our model successfully infused LPS and induced a physiological response, as evidenced 
by increased plasma insulin, glucose, and LBP on d 1 of infusion. Interestingly, 
resolution of these differences by d 3 of infusion indicate that the pigs developed 
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tolerance to the LPS by this time point. The specific mechanisms by which this tolerance 
was mediated such as temporal levels of hepatic AOAH and circulating tumor necrosis 
factor alpha, were not examined in this study, however, there is rationale for performance 
of these studies in the future. 
 
AOAH cleaves the lipid A moiety from LPS [72], thereby rendering the modified 
LPS unable to bind TLR4 as this detoxified form of LPS greatly reduced binding 
efficiency of an intact molecule [73]. LBP binds LPS in a conformation that increases the 
susceptibility of the toxin to cleavage by AOAH [74]. AOAH is produced by 
macrophages and has primarily been found in the liver, though studies have established 
that it can also be produced in the spleen and lungs [75]. Interestingly, we did observe 
ovarian AOAH protein, which is novel, but did not observe a difference in ovarian 
abundance of AOAH between groups.  There may have been increased AOAH in other 
tissues, such as the liver, as supported by the temporal response of LBP to infusion or 
ovarian AOAH activity could have been altered. 
 
We discovered that the ovary responded to continuous exposure to LPS through 
increasing the abundance of TLR4 protein. Others have shown that TLR4 increases in 
bovine granulosa cells after LPS exposure (10 µg/mL) [76], however most of the work 
that has been done characterizing the effects of ovarian exposure to LPS has focused on 
molecules downstream of TLR4 [60,77,78], not on TLR4 abundance. We did not observe 
changes to the mRNA abundance of TLR4, NFkB, MyD88, MD2, or AOAH, which could 
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be attributed to tissue collection being performed at a single time point, thus we could 
have missed observable increases in mRNA at earlier times in the exposure paradigm.     
 
LPS administration alters serum steroid hormone concentrations in rhesus 
monkeys [43], sheep [79], rats [80], pigs [46], goats [81], and mice [82]. In an in vitro 
model, LPS decreases P4 production by theca cells by reducing STAR, which is 
responsible for transport of cholesterol into the inner mitochondrial matrix; the rate 
limiting step in steroidogenesis [13,83,84]. Interestingly, we saw no differences in STAR 
or CYP19A1 protein or mRNA. This could be the result of differences in LPS dosage, 
route of administration, or length of administration. Additionally, we saw no did not 
observe any difference in 17β-estradiol concentrations in the follicular fluid though the 
dominant follicles of the LPS-treated gilts tended to be smaller.  Thus, we did not observe 
altered endocrine production or steroidogenesis in this experimental approach.  
 
The PI3K pathway is involved in myriad cell processes, including regulation of 
primordial follicle growth activation via phosphorylation and dephosphorylation of AKT 
and FOXO3 [9].  Dysregulated primordial follicular activation is undesirable since those 
activated follicles will not necessarily proceed towards ovulation, instead they will 
undergo atresia and be removed from the ovary. In a murine progressive obesity model,  
decreased numbers of primordial and primary follicles with increases in the populations 
of secondary and pre-antral follicles compared to lean controls have been demonstrated 
[85]. When obesity is induced with a high fat diet model in mice, altered ovarian PI3K 
component gene expression with increases in Irs1 and Kitlg along with decreases in Akt 
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and Foxo3 [86] were observed, both important regulators of primordial follicle activation 
[7,9,87]. Though other studies have reported alterations to primordial follicle numbers 
due to LPS treatment [45], we detected no difference in relative abundance of AKT or 
pAKT, or alterations in mRNA abundance of INSR, IRS1, AKT, cKIT, or FOXO3. Our 
previous work in pre-pubertal gilts exposed to HS for 7 or 35 days demonstrated 
increased ovarian AKT, FOXO3 and pAKT compared to gilts in thermal neutral 
conditions, and increased ovarian abundance of IR, IRS1, and pIRS1 [88]. These 
differences could indicate specific effects of HS relative to LPS exposure, or could be 
attributable to differential physiology between the pre- and post-pubertal ovary.  
 
Taken together, these data demonstrate that the ovary of post-pubertal gilts is 
indeed responsive to chronic low-level LPS exposure, and that systemic tolerance to LPS 
exposure develops with long term exposure. Some limitations to the current study are that 
tissues were collected at a single time point, so the possibility of a temporal pattern of 
protein and mRNA induction at different points in the exposure period cannot be 
discounted. A single bacterial LPS source was employed in this experiment, which serves 
as a proxy for LPS exposure, but also does not fully represent the multitude of bacterial 
strains resident in the intestine which may enter circulation during HS or during an off-
feed event, which may amplify effects observed in our study, since the immune system 
must adapt to more than one LPS at a time. Additionally, we chose to perform whole 
ovarian mRNA and protein analysis rather than to focus on specific cellular fractions 
within the organ, and this work would add in the future to these studies.  This model does 
however serve to demonstrate the responsivity of the ovary to LPS exposure at a level 
 85  
that is representative of chronic endotoxemia that occurs in humans and domestic species 
and has relevance to bacterial infection, HS, obesity, off feed events and other insults, 
including medicinal, that negatively impact intestinal integrity.   
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Figure 3.1. Impact of chronic lipopolysaccharide (LPS) infusion on rectal 
temperature and feed intake. Post-pubertal gilts received an equivolume bolus of saline 
(CT; n = 4) or LPS (n = 6; 0.1 µg/kg) 4 times daily (0000 h, 0600 h, 1200 h, 1800 h) for 
5d. (A) Rectal temperature was recorded twice daily (0530 h, 1730 h). Line graph 
represents average daily rectal temperature per treatment ± SEM. (B) Feed intake was 
recorded daily. Line graph represents average daily feed intake per treatment ± SEM. 
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Figure 3.2. Impact of chronic lipopolysaccharide (LPS) infusion on plasma insulin, 
glucose, and glucose:insulin ratio.  
Post-pubertal gilts received an equivolume bolus of saline (C; n = 4) or LPS (n = 6; 0.1 
µg/kg) 4 times daily (0000 h, 0600 h, 1200 h, 1800 h) for 5d. Blood samples were taken 
daily at 1730 h. Graphs represent average daily blood (A) insulin, (B) glucose, and (C) 
glucose:insulin concentration per treatment ± SEM. † indicates P < 0.1, * indicates P < 
0.05, and ** indicates P < 0.01 at a given time point.  
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Figure 3.3. Impact of chronic lipopolysaccharide (LPS) infusion on average follicle 
diameter.  
Post-pubertal gilts received an equivolume bolus of saline (CT; n = 4) or LPS (n = 6; 0.1 
µg/kg) 4 times daily (0000 h, 0600 h, 1200 h, 1800 h) for 5d. At time of tissue collection, 
the diameter of dominant follicles on each ovary were measured but no experimental 
treatment effects were noted (P > 0.05 between treatments).  
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Figure 3.4. Effect of chronic lipopolysaccharide (LPS) infusion on PI3K pathway 
component relative gene expression in post-pubertal gilts.  
Ovarian PI3K pathway component relative gene expression was quantified via 
polymerase chain reactions using cDNA synthesized from whole ovarian RNA 
extractions isolated from post-pubertal gilts that received equivolume saline (CT; n = 3) 
or LPS (LPS; 0.1 µg/kg, n = 3) 4 times daily (0000 h, 0600 h, 1200 h, 1800 h) for 5d. Bar 
chart represents relative gene expression for CT and LPS animals as relative gene 
expression normalized to GAPDH as an internal control ± SEM. No impacts of LPS 
exposure on abundance of mRNA encoding the genes of interest were noted (P > 0.05 
within each gene).  
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Figure 3.5. Effect of chronic lipopolysaccharide (LPS) infusion on ovarian AKT and 
pAKT protein abundance in post-pubertal gilts. 
Ovarian AKT and pAKT protein abundance was quantified using western blotting from 
whole ovarian protein homogenates isolated from post-pubertal gilts that received 
equivolume saline (CT; n = 3) or LPS (LPS; 0.1 µg/kg, n = 6) 4 times daily (0000 h, 0600 
h, 1200 h, 1800 h) for 5d. Bar chart represents relative (A) AKT and (B) pAKT protein 
abundance for CT- or LPS-treated animals as densitometric mean ± SEM.  A 
representative western blot is presented for AKT and pAKT protein with lanes labeled as 
control (C), LPS (L) or a pooled control sample (P).  Equal protein loading is confirmed 
by Ponceau S staining. (C) represents the pAKT:AKT ratio. No effect of LPS exposure 
on protein abundance of AKT, pAKT or the pAKT:AKT ratio were noted (P > 0.05 
between treatments).  
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Figure 3.6. Impact of chronic lipopolysaccharide (LPS) infusion on blood and 
follicular fluid LPS binding protein level.  
Post-pubertal gilts received an equivolume bolus of saline (C; n = 4) or LPS (n = 6; 0.1 
µg/kg) 4 times daily (0000 h, 0600 h, 1200 h, 1800 h) for 5d. (A) Blood samples were 
taken daily at 1730 h. Line graph represents average daily blood LBP level per treatment 
± SEM. ** indicates difference between treatments (P < 0.01). (B) At time of tissue 
collection, follicular fluid was aspirated and the bar chart represents the average 
concentration of LBP in follicular fluid per treatment ± SEM. No difference between 
experimental treatment in follicular fluid LBP was observed (P > 0.05 between 
treatments). 
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Figure 3.7. Effect of chronic lipopolysaccharide (LPS) infusion on TLR4 pathway 
component relative gene expression in post-pubertal gilts.  
Ovarian TLR4 pathway component relative gene expression was quantified via 
polymerase chain reactions using cDNA synthesized from whole ovarian RNA 
extractions isolated from post-pubertal gilts that received equivolume saline (CT; n = 3) 
or LPS (LPS; 0.1 µg/kg, n = 3) 4 times daily (0000 h, 0600 h, 1200 h, 1800 h) for 5d. Bar 
chart represents relative gene expression for CT and LPS animals as relative gene 
expression normalized to GAPDH as an internal control ± SEM. There was no effect of 
LPS exposure on mRNA abundance of the genes investigated (P > 0.05 within each 
gene).  
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Figure 3.8. Effect of chronic lipopolysaccharide (LPS) infusion on ovarian TLR4 
and AOAH protein abundance in post-pubertal gilts.  
Ovarian TLR4 and AOAH protein abundance was quantified using western blotting from 
whole ovarian protein homogenates isolated from post-pubertal gilts that received 
equivolume saline (CT; n = 3) or LPS (LPS; 0.1 µg/kg, n = 6) 4 times daily (0000 h, 0600 
h, 1200 h, 1800 h) for 5d. Bar chart represents relative (A) TLR4 and (B) AOAH protein 
abundance for CT- or LPS-treated animals as densitometric mean ± SEM.  Arrow 
indicates TLR4 band quantified. A representative western blot is presented for TLR4 and 
AOAH protein with lanes labeled as control (C) or LPS (L).  Equal protein loading is 
confirmed by Ponceau S staining. * indicates difference between treatments P < 0.05.  
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Figure 3.9. Impact of chronic lipopolysaccharide (LPS) infusion on 17β-estradiol 
level in follicular fluid.  
Post-pubertal gilts received an equivolume bolus of saline (CT; n = 4) or LPS (n = 6; 0.1 
µg/kg) 4 times daily (0000 h, 0600 h, 1200 h, 1800 h) for 5d. At time of collection, 
follicular fluid was aspirated. Bar chart represents average concentrations of 17β-
estradiol in follicular fluid per treatment ± SEM. P > 0.05. 
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Figure 3.10. Effect of chronic lipopolysaccharide (LPS) infusion on relative 
steroidogenesis pathway component gene expression in post-pubertal gilts.  
Ovarian steroidogenesis pathway component relative gene expression was quantified via 
polymerase chain reactions using cDNA synthesized from whole ovarian RNA 
extractions isolated from post-pubertal gilts that received equivolume saline (CT; n = 3) 
or LPS (LPS; 0.1 µg/kg, n = 3) 4 times daily (0000 h, 0600 h, 1200 h, 1800 h) for 5d. Bar 
chart represents relative gene expression for CT and LPS animals as relative gene 
expression normalized to GAPDH as an internal control ± SEM. P > 0.05 within each 
gene.  
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Figure 3.11 Effect of chronic lipopolysaccharide (LPS) infusion on ovarian STAR 
and CYP19A1 protein abundance in post-pubertal gilts.   
Ovarian STAR and CYP19A1 protein abundance was quantified using western blotting 
from whole ovarian protein homogenates isolated from post-pubertal gilts that received 
equivolume saline (CT; n = 3) or LPS (LPS; 0.1 µg/kg, n = 6) 4 times daily (0000 h, 0600 
h, 1200 h, 1800 h) for 5d. Bar chart represents relative (A) STAR and (B) CYP19A1 
protein abundance for CT- or LPS-treated animals as densitometric mean ± SEM. Bar 
chart and a representative western blot is presented for STAR and CYP19A1 protein with 
lanes labeled as control (C), LPS (L) or a pooled control sample (P).  Equal protein 
loading is confirmed by Ponceau S staining. P > 0.05 
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Table 3.1 Antibody dilutions used for protein detection 
Protein Primary 
Antibody 
Primary 
Dilution 
Secondary 
Antibody 
Secondary 
Dilution 
AKT Rabbit anti-
AKT 
1:1000 Goat anti-rabbit 
IgG HRP-linked 
1:1000 
pAKT Rabbit anti-
pAKT 
1:500 Goat anti-rabbit 
IgG HRP-linked 
1:1000 
TLR4 Mouse anti-
TLR4 
1:500 Horse anti-mouse 
IgG HRP-linked 
1:1000 
AOAH Goat anti-
AOAH 
1:100 Mouse anti-goat 
IgG HRP-linked 
1:10000 
STAR Rabbit anti-
STAR 
1:1000 Goat anti-rabbit 
IgG HRP-linked 
1:1000 
CYP19A1 Rabbit anti-
CYP19A1 
1:500 Goat anti-rabbit 
IgG HRP-linked 
1:1000 
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Table 3.2. Primer sequences used for gene amplification 
Gene Forward Primer Sequence (5' - 3') 
Reverse Primer 
Sequence (5' - 3') 
Annealing 
Temperature 
(°C) 
INSR TGTCATCAATGGGCAGTTTG ATCAGGTTCCGAACAGTTGC 48.0 
IRS1 CTATGCCAGCATCAGCTTCC GGAGGATTTGCTGAGGTCAT 51.0 
AKT ATCGTGTGGCAGGATGTGTA CTGGCCGAGTAGGAGAACTG 53.0 
cKIT CAGCAGCAGCACAGCTCTTA AGGGAGGGTAGCATTAAGCA 53.0 
TLR4 CTCTGCCTTCACTACAGAGA CTGAGTCGTCTCCAGAAGAT 53.0 
NFkB CCCATGTAGACAGCACCACCT
ATGAT 
ACAGAGGCTCAAAGTTCTCCA
CCA 
54.0 
MYD88 GGCAGCTGGAACAGACCAA GGCAGGACATCTCGGTCAGA 54.0 
MD2 CCACCTTGTTTTCTTCCATATT
TACTG 
CATCAGAGGAATTGCAGATCC
A 
53.0 
AOAH TCAGGGGGACAGAAATATGG CCAGAATCACGCAGAATCAC 48.0 
ESR1 AGCACCCTGAAGTCTCTGGA TGTGCCTGAAGTGAGACAGG 54.0 
LDLR GAGTTGGCTTTTGCTCTGCT GGGTTTTGGTGAATGAATGG 48.0 
LHR CATGGCACCGATCTCTTTCT CGGAATGCCTTTGTGAAAAT 48.0 
CYP19A1 GGAGCTTGGGGTTAATGGAT GGGAAGGATGCTCTTTGATG 51.0 
CYP17A1 ACCCAGCTCATCTCACCATC GCGCTCCTTGATCTTCACTT 54.0 
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Abstract 
The phosphatidylinositol-3 kinase (PI3K) pathway regulates entry of primordial 
follicles into the growing follicular pool, follicle viability, and ovarian steroidogenesis 
via phosphorylation of AKT (pAKT). Further, ovarian signaling and function can be 
altered by high fat diet (HFD) feeding.  HFD feeding also reduces barrier function of the 
intestine, allowing passage of bacteria components into circulation, such as 
lipopolysaccharide (LPS), a component of gram-negative bacterial cell walls.  LPS 
interacts with its receptor, toll-like receptor 4 (TLR4), to initiate a signaling cascade that 
culminates in phosphorylation and activation of nuclear factor kappa B. TLR4 activation 
can signal via the PI3K pathway, thus, we hypothesized that HFD feeding could lead to 
alterations in basal ovarian intracellular signaling in swine. Using the pig as a model, we 
sought to determine if HFD or dietary fatty acid composition would alter ovarian PI3K 
signaling. Thirty six post-pubertal gilts (56 ±6.5 kg BW) were fed one of three diets for 
nine weeks. The diets consisted of: 1) low fat (LF, n=12; 20% calories coming from lard 
and soybean oil); 2) high fat (HF, n=12; 40% calories coming from lard and soybean oil); 
or 3) n-3 high fat (n3HF, n=12; 40% calories coming from menhaden fish oil, lard and 
soybean oil). All diets were formulated to be iso-caloric and nitrogenous and pigs were 
fed 2.8x maintenance and this was adjusted weekly for nine weeks. At the end of the 
feeding period, all pigs were euthanized and ovaries collected for quantification of 
proteins implicated in LPS signaling (TLR4) and follicle viability (AKT, pAKT, histone 
4 lysine 5 acetylated (H4K5ac), histone 4 lysine 20 methylated (H4K20me)) by western 
blot. There was no treatment-induced difference in the abundance of ovarian TLR4, 
AKT, or H4K5ac, though hepatic TLR4 was decreased in HF animals. NFkB and LDLR 
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were decreased (P < 0.05) in n3HF compared to LF and FOXO3 was increased (P = 
0.036) in n3HF over LF. HF gilts showed a decrease (P = 0.018) in ESR1 and increase (P 
= 0.05) in cKIT over LF animals. Both n3HF and HF animals had increased (P < 0.05)  
LHR  over LF, and HF gilts showed decreased levels (P < 0.05) of CYP17A1 compared to 
LF or n3HF animals. However, ovarian pAKT abundance had a tendency for decrease (P 
= 0.097) between the LF and n3HF groups compared to HF. The n3HF diet also 
decreased (P = 0.0467) the ratio of pAKT:AKT protein compared to the LF diet. There 
was a trend for increased (P = 0.064) H4K20me in the n3HF group compared to LF. 
These data support an influence of diet composition on ovarian PI3K and steroidogenesis 
that could translate to effects on follicle viability and activation which could, in turn, 
have consequences for long term fertility in swine fed altered dietary fatty acid sources.  
 
Keywords 
High fat diet, n-3 fatty acids, ovary, phosphatidylinositol 3-kinase  
 
Introduction 
The ovary is a dynamic organ containing a finite pool of immature dormant 
oocytes encased in a primordial follicular structure, which develop in utero [1].  Oocytes 
from primordial follicles have the potential to mature post-pubertally towards ovulation 
and maintenance of the primordial follicle population in an appropriate quiescent state 
until such time as the signal for activation to grow is received is necessary for female 
cyclicity, as loss of the follicular reserve and ovarian senescence results in infertility and 
menopause in humans [2].  
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The World Health Organization defines obesity as having a body mass index of ≥ 
30 kg/m2 [3] and thirty-six percent of adults in the United States fall into this designation 
[4]. Obesity is associated with a number of health problems, including hypertension [5,6] 
and type 2 diabetes [7]. Additionally, obese women are more likely to experience 
abnormal menstruation [8], ovulation disorders [9], and abortion in the first trimester of 
pregnancy [10,11]. However, recent studies have also demonstrated that alterations to 
ovarian competence can occur with consumption of a high-fat diet with no corresponding 
obesity. Skaznik-Wikiel et al. discovered that mice fed high-fat diets had reduced 
primordial but increased growing follicle numbers compared to low-fat fed controls [12], 
despite lack of an obese phenotype. Additionally, feeding high fat diets to pre-pubertal 
gilts can accelerate pubertal onset [13]. Thus, high fat diets have the potential to alter 
female reproductive capacity. Interestingly, these changes are seen even though what is 
considered a “high-fat diet” varies between species. Studies in mice have utilized 
anywhere from 45% [14,15] to 72% kcals from fat [16], where in pig studies, lower 
percentages such as 36% kcals from fat have been used [13]. In studies with humans or 
pigs as a model for humans, diets with 40% kcals from fat have been used as the high-fat 
diet [17,18].  
High-fat diet feeding results in endotoxemia [19–21], a condition also reported in 
obese subjects [22]. The source of the endotoxin, or lipopolysaccharide (LPS), is 
considered to be the large intestine, as increased intestinal permeability to bacteria and 
bacterial components such as LPS occurs when animals are fed a high-fat diet [23,24]. 
This intestinal permeability can be attenuated by feeding various dietary fatty acid 
sources [23]. Endotoxemia, or the presence of LPS in circulation, causes inflammation 
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via signaling through the toll-like receptor 4 (TLR4) pathway [25–27]. Activation of 
TLR4 initiates a signaling cascade that culminates with the phosphorylation of nuclear 
factor kappa B (NFκB) [26]. This, in turn, causes the production of various pro-
inflammatory cytokines [28,29].  
TLR4 stimulation can also activate the phosphatidylinositol-3 kinase (PI3K) 
pathway [30]. PI3K is mediated through protein kinase B (AKT), which can affect 
diverse cellular pathways, including metabolism, cell proliferation, and angiogenesis 
[31]. AKT specifically regulates the phosphorylation status of forkhead box O3 
(FOXO3), which plays an important role in regulating primordial follicular growth 
activation [32–34]. Previous work by our group examined the effects of high fat diet-
induced obesity and demonstrated that ovaries from high fat diet fed mice had increased 
Akt and decreased Foxo3 compared to littermate controls [35]. Steroidogenesis is also 
regulated by the PI3K pathway, as PI3K inhibition decreases steroid hormone production 
and steroidogenic enzyme concentrations [36–38].    
Recently there has been increased focus on the relationship of epigenetic 
regulation of the genome during obesity. Epigenetics refers to the changes that occur to 
DNA without changing the DNA sequence [39] and methylation and acetylation are the 
most commonly studied modifications. Methylation involves the binding of a methyl 
group to the DNA sequence, and typically functions to suppress gene transcription, 
especially if the methylation site is within a gene promoter [40]. Histone acetylation 
involves the addition of an acetyl group to a lysine residue on the histone and generally 
gene transcription [41]. These changes are of particular concern in gamete cells as those 
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modifications could translate to genome changes being passed to the next generation 
[42].   
The ovary has been shown to be responsive to LPS via TLR4 signaling in non-
porcine species [43–46]. LPS exposure in vitro to ovarian theca cells decreases steroid 
hormone production [47,48]. Administration of single bolus of LPS to mice resulted in a 
decrease in primordial and an increase in atretic follicles while ex vivo culture of bovine 
ovarian cortical strips in varying concentrations of LPS showed decreased numbers of 
primordial follicles and increased numbers of primary follicles [44]. These data suggest 
that LPS is playing a role in primordial follicular activation, potentially through the PI3K 
pathway. LPS has been detected in ovarian follicular fluid [49], and TLR4 has been 
identified in granulosa cells [46], indicating that systemic LPS can have effects at the 
follicular level.  Therefore, our objective was to characterize the effects of feeding a high 
fat diet with various fatty acid sources on ovarian signaling and function in the absence of 
obesity in a porcine model. We hypothesized that pigs fed high fat diets would have 
alterations to the TLR4 and PI3K signaling pathways compared to animals fed low-fat 
diets, and that the inclusion of n3 fatty acids in a high fat diet would attenuate these 
effects.   
 
Materials and Methods 
Reagents 
Triton x-100 (T-6878), HEPES (H3537), glycerol (G5516), NaF (S7920), EDTA 
(E7889), SDS (L3771), beta mercaptoethanol (M3148), Trizma® Base (T1501), and 
Ponceau S (P3504) were obtained from Sigma Aldrich (St. Louis, Missouri). Halt 
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Protease and Phosphatase Inhibitor Cocktail (PI78442), Pierce Bicinchoninic acid (BCA) 
Protein Assay Kit (23227), Glycine (BP381-500), iBlot 2 Transfer Stacks (IB23001), 
phosphate buffered saline (PBS, BP665-1), Tween 20 (337), bovine serum albumin 
(BSA, BP1605-100), dNTP (18427-013), dithiothreitol (DTT; Y00147), RNAse out 
(10777019), Superscript III (18080- 093), 1st Strand Buffer (Y02321), and MgCl2 
(M33400) were obtained from ThermoFisher Scientific (Rockford, IL). Laemmli buffer 
(161-0737), Precision Plus ProteinTM KaleidoscopeTM (161-0375), and 4-20% Mini-
PROTEAN TGX Precast Protein Gels (4561096) were obtained from Bio-Rad 
Laboratories (Hercules, CA). RNeasy Mini Kit (74104) and Quantitect SybrGreen 
(204143) were obtained from Qiagen. Primers and Oligo dT were obtained from the Iowa 
State University DNA facility (Ames, IA). PCR plates (951020460) and Masterclear cap 
strips (951022089) were obtained from Eppendorf (Hauppauge, NY). Signal Fire® 
enhanced chemiluminescent (ECL) reagent (6883) and antibodies directed against AKT 
(9274), pAKT (2965), Anti-mouse IgG, HRP-linked (7076), and Anti-rabbit IgG-HRP 
(7074) were obtained from Cell Signaling Technology® (Danvers, MA). Antibodies 
directed against TLR4 (NB100-56566), H4K5AC (NB21-2024), H4K20ME (NB21-
2088) were obtained from Novus Biologicals (Littleton, CO).  
 
Animals 
Thirty-six crossbred pre-pubertal gilts (56 ± 5.6 kg; ~100-105 d of age) were 
separated into one of three dietary treatment groups: low fat (LF) with 20% calories from 
fat (soybean oil and lard); high fat (HF) with 40% calories from fat (soybean oil and 
lard); and high fat with omega-3s (n3HF) with 40% calories from fat (soybean oil, lard, 
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and menhaden fish oil).  All diets were formulated to be iso-nitrogenous and iso-caloric. 
Pigs were fed 2.8x maintenance based on their metabolic body weight (197 x BW0.6, 
NRC 2012) and this was adjusted weekly for nine weeks. Animals were housed 
individually with each pen containing a feeder and nipple drinker with water provided ad 
libitum throughout the experiment. At the beginning and end of the trial, animals were 
scanned using dual energy x-ray absorptiometry to determine body composition. All 
animal procedures were reviewed and approved by the Iowa State University Institutional 
Animal Care and Use Committee. 
 
Tissue Collection 
Animals were sacrificed using captive bolt penetration. Both ovaries and a liver 
sample were collected from each animal. One ovary and a liver sample were flash frozen 
in liquid nitrogen for later processing. The contralateral was fixed in 4% 
paraformaldehyde for 24 h and then transferred to 70% ethanol for storage and later 
processing.  
 
Protein Isolation and Western Blotting 
Ovaries were incubated in tissue lysis buffer (1% Triton-x-100, 50mM HEPES, 
150mM NaCl, 10% glycerol, 50mM NaF, 2 mM EDTA, 1% SDS), homogenized, and 
incubated on ice for 30 min. Tissue homogenates were centrifuged at 10,000 r.p.m. at 
4°C for 15 min. The supernatant was transferred to a fresh tube and centrifuged at 10,000 
r.p.m. at 4°C for 15 min and this step was repeated and the sample stored at -80°C. The 
concentration each protein sample was determined using a BCA assay.  Protein samples 
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were diluted to 5 µg/µL in sterile water with 1X Laemmli buffer, incubated at 95°C for 5 
min, separated on a Mini-PROTEAN® TGXTM 4-20% precast gel followed by transfer 
to a nitrocellulose membrane using the iBlot 2 Dry Transfer System (Protocol 0: 20 V for 
1 min, 23 V for 4 min, and 25 V for 2 min).  Transfer quality and equal protein loading 
was confirmed by Ponceau S staining. Membranes were washed in PBS with 0.2% 
Tween-20 (PBST) and incubated in 5% BSA in PBST for 1-3 h at room temperature with 
gentle rocking. Membranes were incubated with primary antibodies (see Table 4.1 for 
dilution) overnight at 4°C with rocking, then washed 3 times in PBST for 10 min. 
Membranes were incubated with the appropriate secondary antibody (see Table 4.1 for 
dilution) for 1 h at room temperature with rocking, followed by 3 washes of 10 min, in 
PBST. Membranes were incubated with ECL reagent for 3 min before imaging using the 
ChemiImager 5500 (Alpha Innotech, San Leandro, CA) with AlphaEaseFC software 
(v3.03 Alpha Innotech). Appropriate-sized bands were identified and densitometric 
analysis performed using ImageJ software (NCBI).  To confirm equal loading, 
densitometric analysis of Ponceau S staining was performed measuring the entire protein 
stain in each lane. This was also used to normalize specific proteins of interest. Primary 
antibody only, secondary antibody only, and primary antibody species-specific IgG with 
secondary antibody (to demonstrate primary antibody specificity) negative controls were 
performed for all antibodies (see supplemental Figure 1).  
 
RNA isolation and PCR  
Ovaries were powdered using a mortar and pestle and RNA extracted using an 
RNeasy Mini Kit following the manufacturer’s protocol. Concentration of RNA was 
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measured using a ND-1000 Spectrophotometer (λ = 260/280 nm). cDNA was synthesized 
using total RNA (200 ng), 1 µL oligo dT, 1 µL dNTP, and water to a total volume of 13 
µL. Samples were heated to 65 °C for 5 min then placed on ice until addition of master 
mix. Master mix was composed of 4 µL 1st Strand Buffer, 1 µL 0.1 mM DTT, 1 µL 
RNAse Out, and 1 µL Superscript III. 7 µL of master mix was added to each sample and 
then heated to 50°C for 60 minutes and then 70°C for 15 minutes. Samples were stored at 
-20°C until use. cDNA was diluted (1:50) and amplified using a QuantiTect SYBR® 
Green PCR Kit on an Eppendorf MasterCycler RealPlex 4 and primers specific for 
FOXO3, CYP19A1, LDLR, LHR, CYP17A1, AKT, ESR1, IRS1, c-KIT, HSD3B1, MD2, 
TRIF, CD14, and MYD88 (see Table 4.2 for primer sequences). The PCR program 
consisted of a 15 min hold at 95°C followed by 40 cycles of: denaturing at 95°C for 15s, 
annealing for 5s (see Table 4.2 for annealing temperatures), and extension at 72°C for 30 
sec. A melting gradient of 72°C to 99°C at 1°C increase per step was utilized to assess 
product melt conditions and to identify amplification of a single product.  GAPDH was 
used as an internal control. Technical controls included omission of cDNA template, 
forward/reverse primers and master mix only, and H2O only. Relative fold change was 
calculated using the 2-ΔΔCT method [50]. The results are presented as mean fold 
difference ± the standard error relative to the lowest ΔCT per gene.  
 
Statistical analysis 
Body weight, PCR data, and western blot data were all analyzed using a one-way 
ANOVA (for three groups) or unpaired two-tailed t-tests (for two groups) in Graphpad 
 114  
Prism. The threshold for statistical significance was set at P < 0.05, with a tendency for 
difference set at P < 0.1. † indicates P < 0.1 and * indicates P < 0.05.  
 
Results  
Impact of dietary fatty acid composition on body weight and composition 
There were no differences between any groups in initial (P = 0.972) or final (P = 
0.681) body weight (Figure 4.1A). While there was no difference (P = 0.624) in initial 
body composition, there was an increase (P = 0.006) in fat as a percentage of total body 
composition in the HF pigs compared to the LF group at the end of the trial (Figure 
4.1B).  
 
Effect of dietary fatty acid source on ovarian and hepatic TLR4 pathway signaling 
Ovarian transcript abundance of MD2, TRIF, CD14, and MYD88 were unchanged 
(P > 0.05) between dietary treatment groups (Figure 4.2A). A decrease in NFkB (58%, P 
< 0.05) mRNA abundance was observed in the n3HF group compared to the LF group 
(Figure 4.2A). The HF fed gilts had reduced hepatic TLR4 relative to the LF (20%, P < 
0.05) (Figure 4.1B), but no difference was observed between groups in ovarian total 
TLR4 protein (Figure 4.2C).  
 
Dietary fatty acid source impact on phosphatidylinositol 3-kinase signaling components 
Transcript abundance of ovarian IRS1 and AKT were unchanged (P > 0.05), 
increased (16%; P = 0.036) FOXO3 from n3HF animals compared to LF was observed, 
and increased (22%; P = 0.05) cKIT was observed in the HF group compared to the LF 
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animals (Figure 4.3A).  Ovarian total AKT abundance did not differ (P > 0.05) between 
groups (Figure 4.3B), though pAKT had a tendency to be decreased (37%; P = 0.0968) in 
the n3HF group compared to LF animals (Figure 4.3C). The ratio of pAKT:AKT was 
decreased (43%; P = 0.0467) between n3HF and LF groups with HF animals being 
intermediary between the two other groups (Figure 4.3D).  
 
Influence of dietary fatty acid source on genes involved in ovarian steroidogenesis 
ESR1 did not differ between LF and n3HF gilts, however was reduced (22%; P  = 
0.0183) in HF relative to LF animals.  LDLR was decreased (14%; P = 0.039) in n3HF 
animals compared to LF, and LHR was decreased in both HF (38%, P = 0.0089) and 
n3HF (34%, P = 0.023) animals when compared to LF (Figure 4.4A).  Levels of ovarian 
HSD3B1 and CYP19A1 were unchanged (P > 0.05) between groups.  CYP17A1 was 
dramatically lowered in HF relative to LF (172% decrease, P = 0.0102) and n3HF (281% 
decrease, P = 0.0005) gilts (Figure 4.4B).  
 
Dietary fatty acid source effect on ovarian histone methylation and acetylation 
In order to determine if any impact of dietary treatment on histone modification 
occurred, acetylation and methylation of two marks associated with DNA repair were 
assessed. The abundance of ovarian H4K5ac was unchanged (P = 0.24) by dietary 
treatment (Figure 4.5A). There was, however, a trend for increased (13%; P = 0.0636) 
ovarian H4K20me in the n3HF animals compared to the LF group (Figure 4.5B).  
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Discussion 
High-fat diets can increase circulating LPS [19–21] via induction of intestinal 
permeability to bacteria and bacterial components [23,51] and varying the fatty acid 
composition of the high fat diet can attenuate this permeability [23]. Circulating LPS 
activates its receptor, TLR4 [25,26], resulting in phosphorylation of the RELA subunit of 
NFkB [52]. This event, in turn, induces the production of various pro-inflammatory 
cytokines [29,28]. We therefore wanted to examine the effects of feeding a high-fat diet 
to pigs on ovarian signaling and function in the absence of obesity. We hypothesized that 
the high-fat diet fed pigs would have increased ovarian activation of TLR4 and associated 
downstream signaling pathways. A nine-week feeding scheme was utilized, shorter than 
those reported in high-fat diet mouse trials, especially when the differences in 
reproductive timeline for each species is considered [12,53,54].   
 
Interestingly, though the HF pigs had increased intestinal permeability (Lyte et 
al., unpublished) there was not a corresponding increase in ovarian TLR4 protein 
abundance and, contrary to our hypothesis, a slight decrease was observed in hepatic 
TLR4 protein level relative to the LF animals. This lack of an observed ovarian TLR4 
effect could be attributable to the duration of the dietary treatment and changes in ovarian 
TLR4 abundance could be temporally induced. Though there was no observed intestinal 
permeability difference in the n3HF pigs compared to LF, the n3HF animals had greater 
abundance of NFkB, but no differences in MD2, CD14, TRIF, or MYD88.  MD2 and 
CD14 facilitate effective signaling of LPS via TLR4 [55–57]. TRIF and MyD88 are 
independent intermediaries in the TLR4 signaling pathway that mediate the MyD88-
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independent and MyD88-dependent pathways, respectively. Both of these pathways 
cause phosphorylation of RELA and production of pro-inflammatory cytokines or Type I 
interferons [28,29]. Since NFkB signaling is common to pathways activated by all nine 
TLRs, it is possible that the LF diet actually activated pathways that differed from the HF 
and n3HF diet fed ovaries.  
 
TLR4 can signal via the PI3K pathway [30], which plays an important role in 
regulating follicular activation through AKT and FOXO3 [32]. Other factors, such as 
insulin and kit ligand can activate the PI3K pathway through insulin receptor substrate 1 
(IRS1) [58] and cKIT [59,60], respectively.  Interestingly, we saw differences in 
components of the PI3K pathway that varied with the fatty acid profile. AKT, IRS1, and 
total AKT were unchanged, though an increase in FOXO3 in the n3HF animals and 
increase in cKIT in HF animals show potential perturbations of the PI3K pathway. This is 
further supported by the reduction in pAKT:AKT ratio noted in ovaries of the n3HF gilts. 
Previous studies conducted in obese mice, with obesity induced by a high fat diet or as an 
agouti lethal yellow model, similarly demonstrated alterations in ovarian PI3K pathway 
components with increases in Kitlg and Akt and decreases in Irs1 and Foxo3 [35] and 
decreases in primordial and primary follicle numbers along with increased Akt and pAKT 
and decreased pFOXO3 [61]. Murine progressive obesity studies exhibit decreases in 
primordial and primary follicle populations with concomitant increases in secondary and 
pre-antral follicle numbers [54]. Moreover, Skaznik-Wikiel et al. reported that mice fed 
high-fat diets that did not display obesity had decreased primordial and primary follicle 
populations and were sub-fertile compared to control mice [12]. These support that 
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alterations to the PI3K pathway and reductions in fertility can result from consumption of 
a high-fat diet.   
 
Obesity can alter steroid hormone production and genes associated with ovarian 
steroidogenesis [54], which are in turn associated with altered cyclicity [62], which can 
negatively impact fertility. In our study, alterations in multiple ovarian genes associated 
with steroid biosynthesis were observed. Unexpectedly, the changes were not always the 
same in the HF and n3HF groups, suggesting an influence of dietary fatty acid profile. 
LDLR was increased in n3HF ovarian samples compared to LF; as the receptor for 
cholesterol, this could potentially impact the amount of starting material for 17β-estradiol 
production. Granulosa and theca cells are responsive to luteinizing hormone (LH) and 
follicle stimulating hormone (FSH) to initiate steroid production [63,64] and LHR was 
increased in both HF and n3HF animals compared to LF suggesting either differences in 
levels of gonadotropins present or responsiveness of the ovarian cells to the dietary 
treatment; FSH stimulates an increase in LHR while LH decreases the concentration of 
this receptor [65]. CYP17A1, which converts progesterone to androstenedione [66] in the 
ovarian steroidogenic pathway, was increased in abundance in HF compared to both LF 
and n3HF ovaries, potentially translating into more substrate for conversion to 
testosterone.  Since no effects of dietary treatment on HSD3B1 or CYP19A1 were noted, 
it is not likely that altered ovarian steroid hormones result. However, ESR1 was 
dramatically decreased in ovaries of HF pigs compared to LF, potentially indicating that 
ovarian 17β-estradiol concentration or function is altered by a HF diet. These data 
demonstrate that dietary components can alter steroidogenesis and that the fatty acid 
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profile of the diet may play a role in determining specific changes. Changes in 
steroidogenic enzyme abundance are associated with higher levels of LPS in follicular 
fluid of dairy cows [47]. Additionally, in a murine progressive obesity model, alterations 
to steroidogenic enzyme abundance and length of estrus have been observed [54]. These 
suggest perturbations in steroid hormone production, which may negatively impact 
female fertility.  
 
Epigenetic regulation, literally meaning ‘above the genome’, is a tremendously 
underexplored area regarding our understanding of how dietary components influence 
reproduction. Histone post-translational modifications contributing to epigenetic 
regulation include methylation, acetylation and phosphorylation [67] and have recently 
been demonstrated to impact female fertility via regulating follicle formation and 
maturation. Hypomethylation of the genome generally represents transcriptional silencing 
[68]. Primordial germ cells (PGC) undergo demethylation and low methylation levels are 
present in oocytes [69] when the switch from mitosis to meiosis occurs [70]. Methylation 
levels remain low until the primordial follicle oocyte is recruited to mature [71–73]. 
Follicle maturation involves reestablishment of DNA methylation, which reaches highest 
levels in the germinal vesicle stage oocyte [73]. H3 and H4 acetylation are also positively 
correlated with oocyte growth in mice [73]. Therefore, changes to histones are intricately 
involved with proper ovarian function, and contribute to reproductive success.  Obesity 
induces DNA damage in the ovary [61,74], and in response to DNA damage, repair 
pathways that involve specific histone modifications are induced.  Repair of DNA strand 
breakage and maintenance of genome integrity involves H4K20 methylation which 
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mobilizes chromatin [75], while H4K5 acetylation recruits DNA repair proteins [76]. In 
this study where dietary manipulation was employed to induce intestinal permeability in 
the absence of overt obesity, we observed a trend for increased ovarian H4K20me in 
n3HF gilts compared to LF however, we did not note any impact on H4K5, thus although 
limited in scope, this study indicates the potential for dietary epigenetic manipulation.   
 
In this study, we observed alterations to various pathways that regulate ovarian 
function, including steroidogenesis and the PI3K pathway, due to dietary fat level and 
fatty acid source. These may negatively affect the fertility of production animals, though 
more research is needed to understand the mechanisms behind these changes. 
Additionally, given that these animals were pre-pubertal and not cycling, there may be 
differing effects observed if cycling gilts are used. Future investigations into effects of 
dietary fatty acid source on female fertility could also include measurements of steroid 
hormones to observe cyclicity and as a measure of steroidogenesis. Primordial follicle 
reserve could be examined directly by histology and indirectly via breeding trials to see if 
longer-term productivity is decreased by dietary fatty acid source.  
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Figure 4.1. Effect of dietary fatty acid content on weight and body composition in 
pre-pubertal gilts.  
Pre-pubertal gilts that received low-fat (LF, n=12), high fat (HF, n=12), or high fat with 
1/3 fat from omega-3 fatty acids (n3HF, n=12) diets for nine weeks. At the beginning and 
end of the trial, animals were weighed and were scanned using dual x-ray absorptiometry 
to determine body composition. (A) Bar chart represents initial and final weight of LF, 
HF, and n3HF animals ± SEM, P > 0.05. (B) Bar chart represents initial and final 
percentages of body fat of LF, HF, and n3HF animals ± SEM. Different letters represent 
P < 0.05 within each time point.  
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Figure 4.2. Effect of dietary fatty acid source on the TLR4 pathway in pre-   
pubertal gilts.  
Pre-pubertal gilts received low-fat (LF), high fat (HF), or high fat with 1/3 fat from 
omega-3 fatty acids (n3HF) diets for nine weeks.  
(A) Ovarian TLR4 pathway component relative gene expression was quantified via 
polymerase chain reactions using cDNA synthesized from whole ovarian RNA 
extractions isolated LF (n=3), HF (n=3), and n3HF (n=3). Bar chart represents relative 
gene expression for LF, HF, and n3HF animals as relative gene expression normalized to 
GAPDH as an internal control ± SEM. Different letters indicate P < 0.05 within each 
gene. (B) Hepatic TLR4 protein abundance was quantified using western blotting from 
liver protein homogenates isolated from LF (n=4), HF (n=4) and n3HF (n=4) animals. 
Bar chart represents relative TLR4 protein abundance for LF, HF, and n3HF animals as 
densitometric mean ± SEM, * indicates P < 0.05.  A representative western blot is 
presented for TLR4 protein. Equal protein loading is confirmed by Ponceau S staining. 
(C) Ovarian TLR4 protein abundance was quantified using western blotting from whole 
ovarian protein homogenates isolated from LF (n=4), HF (n=4) and n3HF (n=4) animals. 
Bar chart represents relative TLR4 protein abundance for LF, HF, and n3HF animals as 
densitometric mean ± SEM. A representative western blot is presented for TLR4 protein. 
Equal protein loading is confirmed by Ponceau S staining.  
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Figure 4.3. Effect of dietary fatty acid source on ovarian PI3K pathway in pre-
pubertal gilts.  
Pre-pubertal gilts received low-fat (LF), high fat (HF), or high fat with 1/3 fat from 
omega-3 fatty acids (n3HF) diets for nine weeks.  
(A) Ovarian PI3K pathway component relative gene expression was quantified via 
polymerase chain reactions using cDNA synthesized from whole ovarian RNA 
extractions isolated LF (n=3), HF (n=3), and n3HF (n=3). Bar chart represents relative 
gene expression for LF, HF, and n3HF animals as relative gene expression normalized to 
GAPDH as an internal control ± SEM. Different letters indicate P < 0.05 within each 
gene. Ovarian AKT and pAKT protein abundance was quantified using western blotting 
from whole ovarian protein homogenates isolated from pre-pubertal gilts that received 
low-fat (LF, n=4), high fat (HF, n=4), or high fat with 1/3 fat from omega-3 fatty acids 
(n3HF, n=4) diets for nine weeks. Bar chart represents relative (B) AKT and (C) pAKT 
protein abundance for LF, HF, and n3HF animals as densitometric mean ± SEM. A 
representative western blot is presented for AKT and pAKT protein. Equal protein 
loading is confirmed by Ponceau S staining. (D) represents the pAKT:AKT ratio. † 
indicates P < 0.1, * indicates P < 0.05.  
 
AKT 
Ponceau 
LF HF n3HF LF n3HF HF LF n3HF HF LF n3HF HF 
B 
pAKT 
Ponceau 
LF HF n3HF LF n3HF HF LF n3HF HF LF n3HF HF 
† C * D 
IRS1 cKIT AKT FOXO3
0
10
20
30
LF
HF
n3HF
R
el
at
iv
e 
G
en
e 
Ex
pr
es
si
on
a 
b a 
a 
a 
a 
b 
ab 
ab 
a 
a a 
A 
 129  
 
 
 
Figure 4.4. Effect of dietary fatty acid source on relative steroidogenesis gene 
expression in pre-pubertal gilts.  
Ovarian steroidogenesis relative gene expression was quantified via polymerase chain 
reactions using cDNA synthesized from whole ovarian RNA extractions isolated from 
pre-pubertal gilts that received low-fat (LF, n=3), high fat (HF, n=3), or high fat with 1/3 
fat from omega-3 fatty acids (n3HF, n=3) diets for nine weeks. Bar chart represents 
relative gene expression for LF, HF, and n3HF animals as relative gene expression 
normalized to GAPDH as an internal control ± SEM. Different letters indicate P < 0.05 
within each gene.  
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Figure 4.5. Effect of dietary fatty acid source on ovarian histone methylation and 
acetylation protein abundance in pre-pubertal gilts.  
Ovarian histone acetylation and methylation protein abundance was quantified using 
western blotting from whole ovarian protein homogenates isolated from pre-pubertal gilts 
that received low-fat (LF, n=4), high fat (HF, n=4), or high fat with 1/3 fat from omega-3 
fatty acids (n3HF, n=4) diets for nine weeks. Bar chart represents relative H4K20me (A) 
and H4K5ac (B) protein abundance for LF, HF, and n3HF animals as densitometric mean 
± SEM. † indicates  P > 0.1. A representative western blot is presented for each protein. 
Equal protein loading is confirmed by Ponceau S staining.  
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Table 4.1 Antibody dilutions used for protein detection 
Protein Primary 
Antibody 
Primary 
Dilution 
Secondary 
Antibody 
Secondary 
Dilution 
TLR4 Mouse anti-
TLR4 
1:500 Horse anti-mouse 
IgG HRP-linked 
1:1000 
AKT Rabbit anti-
AKT 
1:1000 Goat anti-rabbit 
IgG HRP-linked 
1:1000 
pAKT Rabbit anti-
pAKT 
1:500 Goat anti-rabbit 
IgG HRP-linked 
1:1000 
H4K20me Rabbit anti-
H4K20me 
1:1000 Goat anti-rabbit 
IgG HRP-linked 
1:1000 
H4K5ac Rabbit anti-
H4K5ac 
1:1000 Goat anti-rabbit 
IgG HRP-linked 
1:1000 
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Table 4.2. Primer sequences used for gene amplification 
Gene Forward Primer Sequence (5' - 3') 
Reverse Primer 
Sequence (5' - 3') 
Annealing Temperature 
(°C) 
MD2 CCACCTTGTTTTCTT
CCATATTTACTG 
CATCAGAGGAATTG
CAGATCCA 53.0 
TRIF CTGGGGCTCAATAA
CCACAT 
AGTTCTGGCAACCT
GGAGAA 53.0 
CD14 
 
TGCCAAATAGACGA
CGAAGA 
ACGACACATTACGG
AGTCTGA 53.0 
NFkB CCCATGTAGACAGC
ACCACCTATGAT 
ACAGAGGCTCAAAG
TTCTCCACCA 54.0 
MYD88 GGCAGCTGGAACAG
ACCAA 
GGCAGGACATCTCG
GTCAGA 53.0 
IRS1 CTATGCCAGCATCA
GCTTCC 
GGAGGATTTGCTGA
GGTCAT 52.0 
cKIT CAGCAGCAGCACAG
CTCTTA 
AGGGAGGGTAGCAT
TAAGCA 53.0 
AKT ATCGTGTGGCAGGA
TGTGTA 
CTGGCCGAGTAGGA
GAACTG 53.0 
FOXO3 CCATGTCACATTCC
AAGCTC 
TCAGCCAGTCTATG
CAAACC 51.0 
ESR1 AGCACCCTGAAGTC
TCTGGA 
TGTGCCTGAAGTGA
GACAGG 54.0 
LDLR GAGTTGGCTTTTGCT
CTGCT 
GGGTTTTGGTGAAT
GAATGG 48.0 
LHR CATGGCACCGATCT
CTTTCT 
CGGAATGCCTTTGT
GAAAAT 48.0 
HSD3B1 AGGTTCGCCCGCTC
ATC 
CTGGGCACCGAGAA
ATACTTG 53.0 
CYP19A1 GGAGCTTGGGGTTA
ATGGAT 
GGGAAGGATGCTCT
TTGATG 52.0 
CYP17A1 ACCCAGCTCATCTC
ACCATC 
GCGCTCCTTGATCTT
CACTT 54.0 
GAPDH 
 
ACTGGAAGTCAGGA
GATGCT 
GACCACTTCGTCAA
GCTCAT 53.0 
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CHAPTER 5: 
GENERAL DICUSSION AND CONCLUSIONS 
 
As described within this thesis, the ovarian follicular reserve is vital to the 
continued fertility of a female throughout her reproductive lifespan. The continued 
recruitment and growth of these follicles are responsible for the necessary synthesis of 
steroid hormones that allow for cyclicity and proper fertility. Perturbations in other 
physiological systems can induce adaptations that, while crucial to maintenance of the 
animal as a whole, can impair ovarian function, be it temporary or long-term. 
Particularly, we are interested in how alterations to the barrier function of the intestine 
seen in both heat stress (HS) [1] and feeding high-fat diets (HFD) [2] can alter ovarian 
signaling and function via lipopolysaccharide (LPS). Additionally, we sought to 
differentiate the effects seen in HS and feeding HFD from those caused by LPS alone.  
LPS binds to its receptor, toll-like receptor 4 (TLR4), which in addition to inducing pro-
inflammatory cytokine production via nuclear factor kappa B (NFkB), can cause 
downstream activation of the phosphatidylinositol 3-kinase (PI3K) pathway. The PI3K 
pathway has diverse roles in follicular activation [3–5] and steroidogenesis [6,7], 
therefore the intention of this thesis was to investigate the effects of HS, HFD, and LPS 
on inflammation, follicular activation, and steroidogenesis.  
 
Heat Stress 
HS is damaging both to producers, costing an estimated $1.7 billion per year in 
the U.S. [8], and animals, causing them to go off feed, alter tissue accretion strategies, 
 134  
display reduced fertility, and induce inflammation [9]. Current amelioration strategies 
focus on cooling the environment around the animal or changing feed to reduce intestinal 
permeability. To elucidate more about the effects of HS on ovarian function and 
steroidogenesis, we exposed gilts to HS during the luteal phase of their ovarian cycle and 
collected ovaries at peak luteal function. The animals were not moved into HS until after 
we could be reasonably confident they had ovulated, to avoid carryover effects of HS 
during luteinization on later luteal function. Previous work by our research group has 
demonstrated alterations to the signaling of the ovarian phosphatidylinositol 3-kinase 
(PI3K) pathway due to HS [10], and since this pathway has been demonstrated to play a 
role in steroidogenesis [6,7], we evaluated if progesterone production was altered due to 
HS. Surprisingly, we did not see any decrease in progesterone concentrations in serum or 
luteal tissue due to HS. This suggests that the changes in progesterone concentrations 
seen by others during HS [11,12] may be the consequence of HS during initial formation 
of the CL and luteinization, not this later stress. There was also no difference in relative 
luteal abundance of STAR or 3BHSD protein. The weight and diameter of individual 
corpora lutea (CL) were reduced in the HS animals, but as this observation occurred at a 
single time point, we cannot say if the smaller size is a result of slower growth or faster 
regression, though previous work on the effects of cytokines and prostaglandin F2α 
(PGF2α) in luteal tissue lend themselves to a proposition that HS, via LPS, TNFα, and 
PGF2α, may be inducing premature luteal regression.  
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High Fat Diets 
Feeding HFDs has long been a strategy for induction of obesity in rodent models 
but little is known about their effects independent of obesity. Furthermore, there is some 
interest in animal production to use HFD or alternate dietary fatty acid sources to increase 
growth efficiency or alter the fatty acid profile of the animal for consumption. In an 
attempt to understand more about the ovarian effects of high fat diets in the absence of 
obesity, diets high in fat from either saturated and n-6 or saturated, n-6, and n-3 fatty 
acids were used. HFD have been shown to cause increased intestinal permeability, 
however if n-3 fatty acids are fed the permeability is reduced. Reflecting this, there was 
an increase in hepatic but no difference in ovarian abundance of TLR4, though we did 
observe a decrease in NFKB in the n3HF animals. Given the alterations to ovarian 
primordial follicle populations seen in obesity [13] and high-fat diet models [14], we 
investigated if our model displayed differences in the PI3K pathway and saw decreased 
ovarian pAKT:AKT in the n3HF animals, along with increases in FOXO3  and cKIT in 
n3HF and HF gilts, respectively. These point to potential alterations in the PI3K pathway, 
but are not as dramatic as changes seen in obesity models. Steroidogenic enzyme mRNA 
abundance was altered, with an increase in LHR and decrease in ESR1, LDLR, and 
CYP17A1 in the groups. The gilts utilized in this study were pre-pubertal, but 
investigating their steroid hormone levels could shed further light on how these changes 
might affect the animal as a whole. Observing the animals through onset of puberty and 
cyclicity could establish if differences in puberty attainment exist between the dietary 
fatty acid profiles, as high fat diets have been shown to accelerate pubertal onset [15]. 
Additionally, given that the n3HF animals had no increase in intestinal permeability 
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(Lyte et al., unpublished), the alterations in signaling were unexpected in the n3HF gilts. 
This suggests that n-3 fatty acids are activating these pathways through other means, 
potentially other toll-like receptors, as these converge on NFkB signaling. Furthermore, 
there are myriad upstream activators of the PI3K pathway, so the changes in TLR4, 
steroidogenic, and PI3K may be independent of one another. Also, though the gilts used 
for this study were pre-pubertal, they were getting close to puberty onset and did have 
follicular development present on their ovaries. The alterations due to treatment seen in 
this study might differ in animals at earlier or later stages of development.  
 
Lipopolysaccharide 
 Endotoxin, or LPS, has been the focus of many studies attempting to understand 
its effects on the reproductive system. Others have shown that LPS can induce abortions 
and pre-term labor, as well as alter circulating steroid hormone concentrations and 
steroidogenic enzyme abundance [16,17] in non-porcine species. However, most of these 
studies utilize high concentrations of LPS or bolus administration models that are not 
reflective of all physiological states of LPS exposure. Culture models of granulosa cells 
or the ovary with LPS exposure lack the responses of the immune system and cannot 
replicate the effects of these responses on the ovary. Chronic, low-levels of LPS are seen 
in obesity, HS, and infection, and each can have negative impacts on fertility, either in 
the short- or long-term [14,18–20].  Our study attempted to more accurately model the 
LPS exposure seen in these conditions by administering low levels of LPS four times 
daily for five days. This was done during the follicular phase of the animal to allow an 
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examination of how LPS may influence the follicular fluid surrounding the oocyte and to 
parallel a follicular phase HS trial performed by our group (Dickson et al., under review).  
We were successful in infusing a dose of LPS that was high enough to elicit an 
initial response in levels of insulin and LPS binding protein but not so high as to induce a 
fever. These differences existed on day 1 but not day 3 or 5 of the infusion, indicating a 
development of tolerance. Additionally, there was no difference in LBP levels in 
follicular fluid. Gilts in the LPS group had smaller follicular diameter than the control 
gilts. It is not known if this is a direct effect of LPS exposure on the follicle or an indirect 
result of the immune system using a greater partition of energy to deal with 
inflammation.  Interestingly, we saw no changes in abundance of PI3K pathway 
components measured, even though there was an increase in ovarian TLR4 abundance. 
The possibility that temporal changes in these pathway components may have occurred 
earlier in the infusion timeline cannot be discounted. Additionally, acyloxyacyl hydrolase 
(AOAH) was found in ovaries of both groups. This lipase is capable of cleaving the lipid 
A moiety from LPS, rendering it unable to effectively bind TLR4 and elicit an 
inflammatory response [21]. Though we saw no differences between the groups, the 
finding is novel and warrants further investigation into potential detoxification of LPS in 
the ovary.  
Though this model mimicked chronic, low-level LPS exposure over time, it 
utilized a single strain of LPS. Many distinct strains of LPS-bearing bacteria live in the 
intestine, and this experimental design does not address how the immune system and 
ovary may respond to exposure to multiple LPS strains either simultaneously or 
sequentially. The difficulty in this is the lack of knowledge on what specific LPS strains 
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are most common in HS or infections, so investigations detailing these would be 
illuminating.   
 
Future Directions 
Though the work contained herein helped clarify and establish the ovarian 
response to various perturbations, it also produced new questions for further 
investigations. Each of these studies utilized a single tissue collection time point, and so 
do not address any temporal changes, past or future, that may occur. Gaining an 
understanding of how inflammation in the ovary is mediated as well as how this 
inflammation may affect ovarian function in the longer term would help in the 
development of amelioration strategies; if the specific effects and the timeline of their 
consequences is known, targeted remedies can be attempted. Additional work into how 
low-level chronic LPS exposure effects ovarian function should be undertaken, in all 
ovarian phases, and during various stages of development, to model both HS and 
infections during different parts of life. Utilizing HFD and LPS infusion models has the 
potential to cross species and aid in understanding more of the etiology behind obesity-
associated infertility in humans.  
 
Summary 
In conclusion, endotoxemia can occur in a variety of ways that all have the 
potential to alter ovarian function and fertility. The differences in ovarian response seen 
in various exposure paradigms and methods assist in clarifying specific effects of 
different physiological states. LPS infusion in gilts altered abundance of TLR4, but not 
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PI3K pathway components, and longer-term HFD feeding showed an opposite effect, 
suggesting the alterations in PI3K are not due to LPS, but another mechanism. That LPS 
infusion did not alter PI3K or steroidogenic pathway components demonstrates that the 
alterations seen by others in HS are not necessarily the result of LPS and that tolerance 
may be developed. HS did not affect steroidogenesis; suggesting that P4 concentrations 
and CL size are perhaps not related, but feeding HFD showed differences in 
steroidogenic pathway components. This data solidifies the complex relationship between 
metabolic state and ovarian function and demonstrates the different responses seen with 
various developmental ages and exposure schemes.  
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Supplemental Figure 1. Negative controls for antibodies used on whole ovarian 
homogenate 
Whole ovarian homogenate was utilized for western blotting. Equal protein loading was 
confirmed by Ponceau S staining. These images validate the specificity of the protein 
staining through use of only primary antibodies to ensure no auto-fluorescence.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 142  
 
 
 
Supplemental Figure 2. Negative controls for antibodies used on whole ovarian 
homogenate 
Whole ovarian homogenate was utilized for western blotting. Equal protein loading was 
confirmed by Ponceau S staining. These images validate the specificity of the protein 
staining through use of either only secondary antibody or species specific IgG with 
secondary antibody to ensure no auto-fluorescence.  
 
